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DECLARATION OF J. CHRTSTO PHER GRIMALPL IJ1NTOF.R 37 CFR $ 1.132 

Commissioner for Patents 

P.O. Box 1450 

Alexandria, VA 22313-1450 

Dear Sir: 

I, J. Christopher Grimaldi, declare and state as follows: 

1. I am a Senior Research Associate in the Molecular Biology Department of 
Genentech, Inc., South San Francisco, CA 94080. 

2. My scientific Curriculum Vitae, including my list of publications, is attached .to 
and forms part of this Declaration (Exhibit A). 

3. I joined Genentech in January of 1999. From 1999 to 2003, 1 directed the Cloning 
Laboratory in the Molecular Biology Department During this time I directed or performed 
numerous molecular biology techniques including semi-quantitative Polymerase Chain Reaction 
(PCR) analyses. I am currently involved, among other projects, in the isolation of genes coding 
for membrane associated proteins which can be used as targets for antibody therapeutics against 
cancer. In connection with the above-identified patent application, I personally performed or 
directed the semi-quantitative PCR gene expression analyses in the assay entitled 'Tumor Versus 
Normal Differential Tissue Expression Distribution," which is described in EXAMPLE 18 in the 
specification. These studies were used to identify differences in gene expression between tumor 
tissue and their normal counterparts. 

4. EXAMPLE 1 8 reports the results of the PCR analyses conducted as part of the 
investigating of several newly discovered DNA sequences. This process included developing 
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primers and analyzing expression of the DNA sequences of interest in normal and tumor tissues. 
The analyses were designed to determine whether a difference exists between gene expression in 
normal tissues as compared to tumor in the same tissue type. 

5. The DNA libraries used in the gene expression studies were made from pooled 
samples of normal and of tumor tissues. Data from pooled samples is more likely to be accurate 
than data obtained from a sample from a single individual. That is, the detection of variations in 
gene expression is likely to represent a more generally relevant condition when pooled samples 
from normal tissues are compared with pooled samples from tumors in the same tissue type. 

6. In differential gene expression studies, one looks for genes whose expression levels 
differ significantly under different conditions, for example, in normal versus diseased tissue. 
Thus, I conducted a semi-quantitative analysis of the expression of the DNA sequences of 
interest in normal versus tumor tissues. Expression levels were graded according to a scale of +, - 
, and +/- to indicate the amount of the specific signal detected. Using the widely accepted 
technique of PCR, it was determined whether the polynucleotides tested were more highly 
expressed, less expressed, or whether expression remained the same in tumor tissue as compared 
to its normal counterpart. Because this technique relies on the visual detection of ethidium 
bromide staining of PCR products on agarose gels, it is reasonable to assume that any detectable 
differences seen between two samples will represent at least a two fold difference in cDNA. 

7. The results of the gene expression studies indicate that the genes of interest can be 
used to differentiate tumor from normal. The precise levels of gene expression are irrelevant; 
what matters is that there is a relative difference in expression between normal tissue and tumor 
tissue. The precise type of tumor is also irrelevant; again, the assay was designed to indicate 
whether a difference exists between normal tissue and tumor tissue of the same type. If a 
difference is detected, this indicates that the gene and its corresponding polypeptide and 
antibodies against the polypeptide are useful for diagnostic purposes, to screen samples to 
differentiate between normal and tumor. Additional studies can then be conducted if further 
information is desired. ^ 

8. I hereby declare that all statements made herein of my own knowledge are true and 
that all statements made on information or belief are believed to be true, and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful statements may jeopardize the validity of the application or any 
patent issued thereon. 
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J. Christopher Grimaldi 

1434.36 th Ave. 

San Francisco, CA 94122 

(415)681-1639 (Home) 

EDUCATION University of California, Berkeley 

Bachelor of Arts in Molecular Biology, 1984 
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Scientist DNAX Research Institute, Palo Alto; 9/91 to 1/99 
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SRA University of California, San Francisco 

Cancer Research Institute; 2/87-4/89. 

Was responsible for numerous cloning projects including: studies of somatic hypermutation, 
studies of AEDS-associated lymphomas, and cloning of t(5; 14), t(l 1 ; 14), and t(8;14) 
translocations. Focused on the activation of hemopoietic growth factors involved in the t(5 : 14) 
translocation in leukemia patients.. . " . 

Research 

Technician Berlex Biosciences, South San Francisco; 7/85-2/87. 

Worked on a subunit porcine vaccine directed against Mycoplasma hyopneumoniae. Was 
responsible for generating genomic libraries, screening with degenerate okgonucleotides, and 
characterizing and expressing cldnes in E. coli. Also constructed a general purpose expression 
vector for use by other scientific teams. 

PUBLICATIONS 

1. Hilary F. Clark, et al. "The Secreted Protein Discovery Initiative (SPDI), a Large-scale 
Effort to Identify Novel Human Secreted and Transmembrane Proteins: a bioinformatics 
assessment" Genome Res. Vol 13(10), 2265-2270, 2003 
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Tbe t(5;14) Chromosomal Translocation in a Case of Acute Lymphocytic 
Leukemia Joins the Interleukin-3 Gene to the Immunoglobulin Heavy Chain Gene 

By J. Christopher Grimaldi and Timothy C. Meeker 



Chromosomal translocations have proven to be Important 
rrwar Iters of the genetic abnormalities central to the patho- 
genesis of cancer. By cloning chromosomal breakpoints 
orie can identify activated proto-oncogenes. We have stud- 
ied a case of B-lineage acute lymphocytic leukemia (ALL) 
tt-iat was associated with peripheral blood eosinophils. The 
cMromosomal translocation t(6;14) (q31;q32l from this 
seample was cloned and studied at the molecular level. This 



translocation joined the immunoglobulin heavy chain Join- 
ing (Jh) region to the promotor region of the Interleukin-3 
(IL-3) gene in opposite transcriptional orientations. The 
data suggest that activation of the IL-3 gene by the 
enhancer of the Immunoglobulin heavy chain gene may play 
a central role in the pathogenesis of this leukemia and the 
associated eesinophiiia. 
ifr 1989 by Grune & Stratton, Inc. 



KARYOTYPIC STUDIES of leukemia and lymphoma 
have identified frequent nonrandom chromosomal 
translocations. Some of these translocations juxtapose the 
irmmunoglobuHn heavy chain (IgH) gene with important 
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Fig 1. DNA blots of the leukemia sample. The restriction 
fragment pattern of normal human DNA (N) and the leukemia 
sample (L) were compared using a human Jh probe. Rearranged 
bands are indicated by arrows. Sample L exhibits a single rear- 
ranged band with both Hind III/EcoRI and SauZA restriction 
digests. The rearranged bands are less Intense than the other 
bands because the majority of cells in the sample represent normal 
bone marrow elements. 



protooncogenes, such as omyc and 6c7-2. u In this way, the 
IgH gene can activate proto-oncogenes, resulting in disor- 
dered gene expression and a step in the development of 
cancer. The investigation of additional nonrandom transloca- 
tions into the IgH locus allows us to identify new genes 
promoting the generation of leukemia and lymphoma. 

A distinct subtype of acute lymphocytic leukemia (ALL) 
has been characterized by B-lineage phenotype, associated 
eosinophilia in the peripheral blood, and a t(5;14)(q31;q32) 
chromosomal translocation. 1,4 This syndrome probably 
occurs in <1% of all patients with ALL. We hypothesized 
that the cloning of the translocation characteristic of this 
leukemia might allow the identification of an important gene 
on chromosome 5 that plays a role in the evolution of this 
disease. In this report we demonstrate that the interleukin-3 
gene (IL-3) and the IgH gene are joined by this transloca- 
tion. 

MATERIALS AND METHODS 

Sample and DNA blots. A bone marrow aspirate from a repre- 
sentative patient with ALL (LI morphology by French-American- 
British [FAB] criteria), peripheral eosinophilia (up to 20,000 per 
.microliter with a normal value of <350 per microliter) and a 
t(5;14)(q3l;q32) translocation was studied. Using published meth- 
ods, genomic DNA was isolated and DNA blots were made. 5 Briefly, 
10 jig of high molecular weight (mol wt) DNA were digested using 
an appropriate restriction enzyme and electrpphoresed on a 0.8% 
~aptose "gel. The gel was stained with ethidium bromide, photo- 
graphed, denatured, neutralized, and transferred to Hybond (Amer- 
sham, Arlington Heights, IL). After treatment of the filter with 
ultraviolet light, hybridization was performed. The filter was washed 
to a final stringency of 0.2% saturated sodium citrate (SSC) and 
0.1% sodium tauryly sulfate (SDS) and exposed to film. The human 
Jb probe has been previously reported. 8 

" Genomic library. The genomic library was made using pub- 

From the Division of Hematology/Oncology, Department of 
Medicine, University of California, San Francisco. 
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lished methods. 5 Approximately 100 fig of high mol wt genomic 
DNA were partially digested with the Sau3A restriction enzyme. 
Fragments from 9 to 23 kilobases (fcb) in size were isolated on a 
sucrose gradient and ligated into phage EMBL3A (Strategene, San 
Diego). Recombinant phage were packaged, plated, and screened as 
previously reported. 5 

DNA sequencing. Fragments for sequencing were cloned into 
M13 vectors and sequenced by the chain termination method using 
Sequcnase (United States* Biochemical, Cleveland). 7 All sequence 
data were derived from both strands. 

RESULTS 

We studied a bone marrow sample from a patient with 
ALL and associated peripheral eosinophilia. Karyotypic 
analysis showed the characteristic t(5;I4)(q31;q32) translo- 
cation. These features define a distinctive subtype of ALL. 3 * 4 
The leukemic cells were analyzed for cell surface phenotype 
by immunofluorecence. They were positive for Bl (CD20) 
B4 (CD19), cALLA (CD10), HLA-DR, and terminal 
deoxynucleotidyl transferase (Tdt), but negative for surface 
immunoglobulin. This phenotypic profile describes an imma- 
ture cell from the B-lymphocytic lineage. 1 

The leukemia DNA was analyzed by Southern blotting for 
rearrangements of the IgH gene. Using a human immuno- 
globulin Jh probe, a single rearranged band was detected by 
EcoKl, Hindlll, Sstl, SaulA, and EcoRI plus Hindlll 
restriction digests, suggesting rearrangement of one allele 
(Fig 1). The immunoglobulin Jh region from the other allele 
was presumably either deleted or in the germline configura- 
tion. 

We hypothesized that the t(5;14)(q31;q32) juxtaposed a 
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growth-promoting gene on chromosome 5 with the immuno- 
globulin Jh region on chromosome 14. Therefore, a genomic 
library was made from the leukemic sample and screened 
with a Jh probe. Fifteen distinct positive clones were isolated 
and screened for the presence of the rearranged Sau3A 
fragment that was detected by DNA blotting. By this 
analysis, five clones appeared to represent the rearranged 
allele identified by DNA blots. One of these clones (clone no. 
4) was chosen for further study and a detailed restriction 
map was generated. The EcoRI, Hindlll /BcdRl, and Sstl 
fragments from clone no. 4 that hybridized to the human Jh 
probe were also identical in size to the rearranged fragments 
from the leukemia sample,, confirming that clone no. 4 
represented the rearranged leukemic allele. 

Phage clone no. 4 contained 3,7 kb of unknown origin 
joined to the IgH gene in the region of Jh4 (Fig 2). The IgH 
gene from Jh4 to the Cmu region appeared to be in germline 
configuration. Previously, the gene encoding hematopoietic' 
growth factor 11^3 had been mapped to chromosome 5q3 1 so 
it was suspected that clone no. 4 might contain part of this 
gene.*- 12 When the restriction map of human IL-3 and clone 
no. 4 were compared, they were identical for more than 3 kb 
(Fig 2). 

We confirmed the juxtaposition of the IL-3 gene and the 
IgH gene by nucleic acid sequencing of the subcloned 
BstRll/Hpal fragment (Fig 2). The sequence of this frag- 
ment showed no disruption of the protein coding region or the 
messenger RN A of the IL-3 gene. The break in the 11^3 gene 
occurred in the promotor region, 452 base pairs (bp) 
upstream of the transcriptional start site (position 64, Fig 
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3 A). TI» break in the IgH gene occurred 2 bp upstream of GM-CSF maps within 9 kb of IL-3 in the same transcrip- 

the JM region. Between the two breaks, 25 bp of uncertain tional orientation. 16 Using this information and assuming a 

origin (putative N sequence) were inserted. ,w No sequences simple translocation event in our sample, we can conclude 

homologous to the immunoglobulin heptamer and nonamer that the IL-3 gene is normally more centromeric, and the 

coi*Id be identified in the IL-3 sequence (Fig 3B). Therefore, GM-CSF gene.more telomeric on chromosome Sq (Fig 4). 

nucleic acid sequencing confirmed the juxtaposition of the Furthermore, both are transcribed with their 5' ends toward 

IL-3 gene and the IgH gene. The sequence data clearly the centromere, 
shoved that the genes were positioned in opposite transcrip- DISCUSSION 
tioffial orientations (head-to-head). 

Available data also allowed us to determine the normal In this report we have cloned a unique chromosomal 

positions of the IL-3 gene and the GM-CSF gene in relation translocation that appears to be a consistent featureof a rare, 

to "the centromere of chromosome 5 (Fig 4). The IgH gene is yet distinct, clinical form of acute leukemia. This transloca- 

known to be positioned with the variable regions toward the tion joined the promotor of the IL-3 gene to the IgH gene, 

telomere on chromosome 14q.* ,s It has also been shown that Except for the altered promotor, the DL-3 gene appeared 

• + 

5 9 G<HGACCAGGGTTCCCTG<X:CCCAGTAGTCAAAG^ 80 
f\ 3 1 cCACTGGTCCCAAGGGACCGGGGTCATCAGTra 

• '<» n *" * * ...... 

• ♦ * 

5 1 TACCAGACAAACTCTCATCTGTTCGAGTGGCCTCCTGGCCACCCACCAGGACCAAGCAGGGCGGGCAGCAGAGGGCCAGG 16Q 
3 • ATGGTCTGTTTGAGAGTAGACAAGGTCACCGGAGGACCGGTGGGTGGTCCTGCT 

********* # . • 

5 1 GTAGTCCAGCnX^TGGCAGATGAGATCCCACTGG 24 0 

3 1 CATCAGGTCCACTACCGTCTACTCTAGGOTGAOCCG 

5 • GGGGTCCTCTCACCTGCTGCCATGCTTCCCATCTC 320 
3 1 CCCCAGGAGAGTCGACGACGGTACGAAGGGTAGAGAGTAGGAGGAACTC^ 

********* m 

5 1 TTTCTTGTTTCACTGATCTTGAGTACTAGAAAGTC ATGGATGAATAATTACGTCTGTGGTTTTCTATGGAGGTTCC ATGT 400 
3 » AAAGAACAAAGTGACTAGAACTCATGATCTTTCAGTACCTACTTATTAATGCAGACACCAAAAGAT 

5 'CAGATAAAGATCCTTCCGACGCCTGCCCCACACCA^ 480 
3 1 CrrCTATT'TCTAGGAAGGCTGCGGACGGGGTGTGGTGGTGGAGGGGGGCGGAACGGGCCCCAACACCCGTGGAACGACGAC 

• • • • 

5 1 CAC ATATA AGGCGCGAGGTTGTTGCCAACTCTTCAGAGCCCCACGAAGGACCAGAACAAGACAGAGTGCCTCCTGCCGAT 5G L 

3 1 GTGTATATTCCGCCCTCCAACAACGGTTGAGAAGTCTCGGGGTGCTTCCTGGTCT 

5 % ccaaacatgagccgcctgcccgtcctgctcctcx:tccaactcctggtcc^c 6 tt t 

3 1 ggtttgtactcggcggacgggcaggacgaggacc^ggttgaggaccaggcggggcctgaggttcgagggtactgggtctg 

5 1 aacgtccttgaagac aagctgggttaac 3 1 668 
3'ttgcaggaacttctgttcgacccaattg 5* 

r> ^ 5 1 TGGCCCCAGTAGTCAAAGTAGTCACATTGTGGGAGGCCCCATTAAGGGGTGCACAAAAACCTGACTCTC 
. |$ IgJh4 3 ' ACCGGGGTCATCAGTTTCATC AGTGTMO^ 
+++-H-+++++++++++++++++ 
5 ' TGGCCCCAGTAGTCAAAGTAGTAGAGGTAATTCATCATAGCTGCGGATTAGCAGCGTGACCGGCTACCA 
C1 - * 4 3 ' anr^n^CTr&^r^CTTTPATC ATCTCCATTAAGTAGTATCGACGCCT AATCGTCGCACTGGCCGATGGT 

++++++++++++++++++++++ 

5 ' GGCACCAAGAGATGTGCTTCTCAGAGCCTGAGGCTGAACGTGGATGTTTAGCAGCGTGACCGGCTACCA 
X1 " 3 3 • CCGTGGTTCTCTACACGAAGAGTCTCGGACTCCGACTTGCACCTACAAATCGTCGCACTGGCCGATGGT 

Fig 3. Sequence of t(6;14)(q31;q32) breakpoint region. (A» Nucleotide sequence of the BsfEU/Hpal fragment indicated on Fig 2. 
Nucleotides 1 to 36 represent the Jh4 coding region underlined on the coding strand.* Nucleotides 39 to 63 are a putative N region. The 
sequence from position 64 to 668 Is that of the germline IL-3 gene.* The IL-3 TATA box (485), transcription start (616V and 
methionine (667) are underlined. Two proposed regulatory sequences In the promotor are merked by asterisks (positions 1 82 and 388). (8) 
Comparative sequence of the t(6;14)(q31;q32) breakpoint region. The lgJh4 region is shown with Its coding region, heptamer, and 
nonamer underlined. Clone no. A Is shown with putative ISI region sequences underlined. The IL-3 sequence is also shown. A plus sign ( + 1 
denotes the Identical nucleotide between sequences. No heptamer or nonamer is Identified in the IL-3 sequence. 
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Fig 4. Diagram of the translocation. The normal chromosome 
5q31 is shown with the GM-CSF gene talomerlc to the IL-3 gene in 
the transcriptional orientation shown. On normal chromosome 
14q32 the Vh regions are telomeric The t(6;14)(q31 ;q32) translo- 
cation results in the head-to-head orientation of these genes. 
Symbols are defined in Rg 2. BP, breakpoint position. 



intact as no deletions, insertions, or point mutations were 
detected by restriction mapping of the entire gene-' and 
sequencing of part of the gene. The IgH gene has been 
truncated at the Jh4 region, which places the immunoglobu- 
lin enhancer within 2.5 kb of the IL-3 gene. 17 - 1 * This leads to 
the hypothesis that the enhancer is increasing transcription 
of a structurally normal gene. The same mechanism is 
important for activation of the c-myc gene in some cases of 
Burkitfs lymphoma. 19 An alternate hypothesis is that the 
elimination of an upstream IL-3 promoter element is crucial 
to the activation of the IL-3 gene. 

The proposed activation of the IL-3 gene suggests that an 
autocrine loop is important for the pathogenesis of this 
leukemia. Over-expression of the IL-3 gene coupled with 
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the presence of the IL-3 receptor in these cells could account 
for a strong stimulus for proliferation. In this regard, there 
are data indicating that immature B-lineage lymphocytes 
and B-lineage leukemias may express the IL-3 receptor. 21 ' 22 

An additional feature of this type of leukemia is the 
dramatic eosinophilia, consisting of mature forms. It has 
been hypothesized that the eosinophils do not arise from the 
malignant clone, but are stimulated by the tumor. 23 - 24 
Because of the known effect of IL-3 on eosinophil differentia- 
tion, secretion of high levels of IL-3 by leukemic cells might 
have a role in the eosinophilia in this type of leukemia. 12 

The data suggest that the recombination mechanism that 
is active in the IgH gene during normal differentiation has a 
role in this translocation." 14 This is supported by the break- 
point location at the 5' end of Jh4 and the presence of 
putative N-rcgion sequences. On the other hand, no recombi- 
nation signal sequence (heptamer and nonamer) was found 
in this region on chromosome 5, suggesting that additional 
factors also played a role. Further studies will elucidate the 
mechanism of this and other translocations.. 

In the leukemia we studied, it is possible that the immuno- 
globulin enhancer also activates the GM-CSF gene, since 
this gene is probably positioned only 1 4 kb away (Fig 4) . This 
is known to be within the range of enhancer activation. 25 The 
interIeukin-5 (IL-3) gene maps to chromosome 5q31** 
Deregulation of the IL-5 gene by this translocation would act 
synergistically with IL-3 in the stimulation of eosinophil 
proliferation and differentiation. 27 These and other questions 
will be answered by the study of more patient samples; We 
plan to determine whether the t(5;14)(q31;q32) transloca- 
tion is capable of activating multiple lymphokines simulta- 
neously and whether they cooperate in the generation of this 
leukemia. 
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RAPID COMMUNICATION 

Activation of the Interleukin-3 Gene by Chromosome Translocation in Acute 
Lymphocytic Leukemia With Eosinophilia 

By Timothy C. Meeker, Dan Hardy, Cheryl WHIman, Thomas Hogan, and John Abrams 



The t(S;14)(q31;q32) translocation from B-lmeage acute 
lymphocytic leukemia with eosinophilia has been cloned 
from two leukemia samples. In both, cases, this transloca- 
tion Joined the IgH gene and the inter!eukin-3 (IL-3) gene. In 
one patient, excess IL-3 mRNA was produced by the 
leukemic ceils. In the second patient, serum IL-3 levels 
were measured and shown to correlate with disease 

A NUMBER OF chromosome translocations have been 
associated with human leukemia and lymphoma. In 
many cases the study of these translocations has led to the 
discovery or characterization of proto-oncogenes, such as 
bcl-2 t c-oW, and o-mjrc, that arc .located adjacent to the 
translocation. 1,2 It is aow widely understood that cancer- 
associated translocations disrupt nearby proto-oncogenes. 

A distinct subtype of acute leukemia is characterized by 
the triad of B-lineage immunophenotypc, eosinophilia, and 
the t(5;14)(q31;q32) translocation. 3 * 4 Leukemic cells from 
such patients have been positive for. terminal deoxynucleotidyl 
transferase (Tdt), common acute lymphoblastic leukemia 
antigen (CALLA), and CD19, but negative for surface or 
cytoplasmic immunoglobulin. In previous work, we cloned 
the t(5;14) breakpoint from one leukemic sample (Case 1) 
and determined that the IgH and interleukin-3 (IL-3) genes 
were joined by this abnormality. 5 In this report, we extend 
those findings by showing that the t(5;14)(q31;q32) translo- 
cation from a second leukemia sample (Case 2) has a similar 
structure, and we report our study of growth factor expres- 
sion in these patients. 

MATERIALS AND METHODS 
Samples and Southern blots. Case 1 has been described." 
Clinical features of Case 2 have been described in detail. 1 DNA 
isolation and Southern blotting was done using previously described 
methods. 5 Fdtere were hybridized with an immunoglobulin Jh probe, 
a 280 bp BamHl/EcoRI genomic IL-3 fragment, and an IL-3 
cDNAprobe." 

Northern blots. RNA isolation and Northern blotting have been 
described.* Briefly, Northern blots were done by separating 9/tg 
total RNA on 1% agarose-formaldchyde gels. Equal RNA loading in 
each lane was confirmed by ethidium bromide staining. Blots were 
hybridized with an IL-3 cDNA probe extending to theXho I site in 
exon 5, a 720 bp Sst 1/Kpn I probe derived from intron 2 of the IL-3 
gene, a 600 bp Nhe l/Hpa I IL-5 cDNA probe, and a 500 bp Pst 
l/Nco I granulocyte-macrophage colony stimulating factor (GM- 
CSF)cDNAprobeJ*' 2 

Polymerase chain reaction. Primers were designed with BamHJ 
sites for cloning. One primer hybridized to the Jh sequences from the 
IgH gene (Primer 1 44:5'-TAGGATCCG ACGGTGACCAGGGT), 
and the other hybridized to the region of the TATA box in the IL-3 
gene (Primer 161 : 5-AACAGGATCCCGCCTTATATGTGCAG). 
Polymerase chain reaction (PCR) (95°C for I minute, 61°C for 30 
seconds, and 72°C for 3 minutes) was done using 500 ng genomic 
DNA and 50 pmol of each primer in 100 mL containing 67 mmol/L 
Tris-HCI pH 8.8, 6.7 mmol/L MgCl* 10% dimethyl sulfoxide 
(DMSO), 170 Mg/mL bovine serum albumin (BSA) (fraction V), 



activity. There was no evidence of excess granulocyte/ 
macrophage colony stimulating factor (GM-CSF) or IL-5 
expression. Our data support the formulation that this 
subtype of leukemia may arise in part because of a 
chromosome translocation that activates the IL-3 gene, 
resulting in autocrine and paracrine growth effects. 
© 1990 by The American Society of Hematology. 

16.6 mmol/L ammonium sulfate, 1.5 mmol/L each dNTP and Taq 
polymerase (Perkin-Elmer, Norwalk, CT). U 

Sequencing. Sequencing was done by chain termination in Ml 3 
vectors." As part of this study, we sequenced a subclone of a normal 
IL-3 promotor, covering 598 base pairs from *Sma I site at position 
- 1240 (with respect to the proposed sitFof transcription initiation) 
to an Nhe I site at position -642. Hie plasmid containing this region 
was a gift from Naoko Arai of the DN AX Research Institute. 

Expression in Cos7 cells. A genomic EL-3 fragment from Case 1 
was cloned into the pXM expression vector. 10 Briefly, the ffln&Ul/ 
Sal I fragment containing the IL-3 gene was subcloned from the 
previously .described phage clone 4 into pUC18. s The 2.6 kb 
fragment extending from the Sma I site 61 bp upstream of the IL-3 
transcription start to the Sma I site in the poly linker was cloned into 
the blunted Xho I site of pXM. The negative control construct was 
the pXM vector without insert. Plasmids were introduced into Cos7 
cells by clectroporation, and supernatant was collected after 48 
hours in culture. 

TFl bloassay. TF-1 cells were passaged in RPMI 1640 supple- 
mented with 10% heat-inactivated fetal bovine serum, 2 mmol 
L-gluUminc, and 1 ng/mL human GM-CSF. 15 Samples and antibod- 
ies were diluted in this same medium lacking GM-CSF but contain- 
ing penicillin and streptomycin. A 25 fiL volume of serial dilutions of 
patient serum was added to wells in a flat bottom 96-weil micmtiter 
plate. Rat anti-cytokine monoclonal antibody in a volume of 25 /iL 
was added to appropriate wells and preincubated for 1 hour at 37°C. 
Fifty microliters of twice washed TF-1 cells were added to each well, 
giving a final cell concentration of 1 x. 10 4 cells per well, (final 
.volume, 100 mL). the plate was incubated for 48 hours. The 
remaining cell viability was determined metabolically by the colori- 
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Fig 1. Breakpoint sequences for Case 2. The germllne IgJhB region sequence (protein cooing region and recombination » . 
sequences are underlined) on top, the translocation sequence from Case 2 (PCft primer sequence, and putative N ret^^^L^ 9 ^ 
Is In the middle, and the germRne 0,3 sequence, which we derived from a normal IL-3 clone, is on *e b*W 

sequence has the same nucleotide. The sequence documents the head-to-head Joining of the IL-3 and IgH genes The brrttooZ in^-TS 
gene occurred at position - 934 {•). 8 ' ae oreaxpoint In the IU3 



I&JhS 



Clone 



IU 



metric method of Mosmann using a VMax microtitcr plate reader 
(Molecular Devices, Menlo Park, CA) set at 570 and 650 nm." 

Cytokine immunoassays. These assays used rat monoclonal 
anti-cytokine antibodies (10 ns/mL) to coat the wells of a PVC 
micro titer plate. The capture, antibodies used were BVD3-6G8, 
JES1-39D10, and BVD2-23B6, for the IL-3, IL-5, and GM-CSF 
assays, respectively. Patient sera were then added (undiluted and 
diluted 1:2 for IL-3, undiluted for IL-5, and undiluted and diluted 
1:5 for GM-CSF). The detecting immunoreagents used were either 
mouse antiserum to D^3 or nitroiodophenyl (NlP)-dcrivatized rat 
monoclonal antibodies JES1-5A2 and BVD2-2JC11, specific for 
IL-5 and GM-CSF, respectively. Bound antibody .was subsequently 
detected with immunoperoxidase conjugates: horseradish peroxidase 
(HRP)-labelcd goat anti-mouse Ig for IL-3, or HRP-Iabeled rat (J4 
MoAb) anti-NIP for IL-5 and GM-CSF. The chromogenic sub- 
strate was 3-3'azino-bis-benzthiazolinc sulfonate (ABTS; Sigma, St 
Louis, MO). Unknown values were interpolated from standard 
curves prepared from dilutions of the recombinant factors using 
Softmax software available with the VMAX microplate reader 
(Molecular Devices) . 

RESULTS 

Leukemic DNA from Case 2 was studied by Southern 
blotting. When digested with the HindUl restriction enzyme 
and hybridized with a human immunoglobulin heavy chain 
joining region ( Jh) probe, a rearranged fragment at approxi- 
. mately 1 4 kb was detected (data not shown). When reprobed 
with either of two different IL-3 probes,* rearranged 14 kb 
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fragment, emigrating with the rearranged Jh fragment, was 
identified, Whealeukemic DNA was digested with HintJll 
plus EcoRl, a rearranged Jh fragment was detected at 6 kb 
The IL-3 probes also identified a emigrating fragment of 
this size. These experiments Indicated that the leukemic 
sample studied was clonal and that a single fragment 
contained both Jh and IL-3 sequences, suggesting a translo- 
cation had occurred. 

To characterize better the ^ 
immunoglobulin heavy chain (IgH) gene, the polymerase 
cham reaction (PCR) was used to clone the traiislocationJ 3 
A Jh primer and an IL-3 primer were designed to produce an 
amplified product in the event of a head-to-head transloca- 
tion. While control DNA gave no PCR product. Case 2 DNA 
yielded a PCR-derived fragment of approximately 980 bo 
which was cloned and sequenced. 

The DNA sequence of the translocation clone from Case 2 
confirmed the joining of the Jh region with the promotor of 
the IL-3 gene in a head-to-head configuration (Fig 1) 
Sequence analysis indicated that the breakpoint on chroma 
some 14 was just upstream of the Jh5 coding region. The 
breakpoint on chromosome 5 occurred 934 bp upstream of 
the putative site of transcription initiation of the IL-3 gene 
We also determined that a putative N sequence of 17 bp was 
inserted between thT chromosome 5 and chromosome 14 
sequences during the translocation event. 17 - 11 Figure 2 shows 
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Fig Relationship of chromosome 6 breakpoints to tho IL-3 gene. This figure shows the two cloned breakoolnts fnrrnw*! i„ r *i*4t 
the normal IL-3 gene™ One breakpoint occurred at position -462 and the other at -934 (arrows) In both w 
translocations resulted m a head-to-head Joining of the IgH gene and the IL-3 gene, leaving the mRNA and protein c^noVreal^r ..2 
gene intact. Boxes denote the five IL-3 axons; restriction enzymes are (B) SamHI, (P) Pst I, <H) Hp* I, (E) JEcoRI and tX)Xnol 
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^SlLSST^?^ . i '"^u ° V , e : i " eXpre58ton - A Northern Wot Pr«PA™d and hybridized with a probe for IL^. Lane 1 
^^Ih^IT 7, i*£ P !V P bl °^ d ^P^ 08 < PBL > M « control Lane 2 contained UNA from PBL Emulated for 

■ne^ ^.T^^ ' M^Ial ^ f T fr0m l>BL ttImu,at * d with ConA for 48 hour*. Ae In the positive control 

^™to*2Jt^? was IdtmtWed In the leukemic sample from Case 1 (lane 4, lower arrow), suggesting aberrant expression of the 
^^^^^r^l^l ^T"* ^^eerion of en unspllced 2* kb *-3 transcript (lane 4, upper arrow). We 

i^r^nn ^ T ""^^^9^^ <* the mature 1 kb transcript by showina that this band hybridized to e probe 

^™JZZ * ? ?J ?t* * mii ?l? ? b8 " d WW dMectad 10 tene *■ «»W«laa that an IL^ mRNA of this tlze U someOmee 
. L ^^Ti Bl mItOSOn - t,mu,atod ce,ta ' Urw 5 throuflh 1 0 RNA from six samples of B-lineage acute lymphocytic leukemia 

analyzed by Northern Wot because too few cells were available for study. 



*he locations of the two cloned breakpoints in relation to the 
JL-3 gene. The two chromosome 5 breakpoints were sepa- 
rated by less than 500 bp. 

The genomic structure in Cases 1 and 2 suggested that a 
miormal IL-3 gene product was over-expressed as a result of 
tie altered promotor structure. This would predict that the 
gene on the translocated chromosome was capable of 
making IL-3 protein. This prediction was tested by express- 
ing a genomic fragment from the translocated allele of Case 
1 containing all five IL-3 exons under the control of the S V40 
promotor/enhancer in the Cos7 cell line. Cell supematants 
vrere studied in a proliferation assay using the factor depen- 
dent erythroleukemic cell line, TF-1. The supematants' 
derived from transfections using the vector plus insert 
supported TF-l proliferation, while supematants from trans- 
fections using the vector alone were negative in this assay 
<data not shown). Furthermore, the biologic activity could be 
blocked by an antibody to human DL-3 (BVD3-6G8). This 
result showed that the translocated allele retained the ability 
to make IL-3 mRNA and protein. 

The level of expression of IL-3 mRNA in leukemic cells 
from Case 1 was assessed. Northern blotting showed that the 
mature IL-3 mRNA (approximately 1 kb) and a 2.9 kb 
unspliced IL-3 mRNA were excessively produced by the 
leukemia (Fig 3). The 2.9 kb form of the mRNA is also 
present at low levels in normal peripheral blood T lympho- 
cytes after mitogen activation (Fig 3). Several B-lineage 
acute leukemia samples without the t(5;14) translocation 
had undetectable levels of IL-3 mRNA in these experiments. 
In addition, although genes for GM-CSF and IL-5 map close 
to the 11^3 gene and might have been deregulated by the 
translocation, no IL-5 or GM-CSF mRNA could be detected 
in the leukemic sample (data not shown). 1 ** 20 

Three serum samples from Case 2 were assayed by 
immunoassay for levels of IL-3, GM-CSF, and IL-5 (Table 
1). Serum IL-3 could be detected and correlated with the 
clinical course. When the patient's leukemic cell burden was 



highest, the IL-3 level was highest. No serum GM-CSF or 
IL-5 could be detected. 

Since the IL-3 immunoassay measured only immunoreac- 
trve factor, we confimed that biologically active IL-3 was 
present by using the TF-1 bioassay. This bioassay can be 
rendered monospecific using appropriate neutralizing mono- 
clonal antibodies specific for IL-3, IL-5, or GM-CSF. We 
observed that sera from 1-16-84 and 3-14-84 contained TF-1 
stimulating activity that could be blocked with anti-IL-3 
MoAb (BVD3-6G8), but not with MoAbs to IL-5 (JES1- 
✓ 39D10) or GM-CSF (BVD2-23B6) (Fig 4; GM-CSF data 
not shown). The amount of neutralizable bioactivity in these 
two samples correlated very well with the difference in IL-3 
levels obtained by immunoassay for these samples. Further- 
more, the failure to block TF-1 proliferating activity with 
either antHI^5 or anti-GM^CSF^was consistent with the 
inability to measure these" factors by immunoassay .and 



Table 1. Peripheral Blood Counts and Growth Factor Levels 
at Different Times In Case 2 



Sample Date 





11/18/83 


1/1B/84 


3/14/84 


Peripheral blood counts (celb/uL) 








WBC 


81,800 


116.600 


12,300 


Lymphoblasts 


0 


33,786 


0 


Eosinophils 


46.626 


73,080 


616 


Serum growth factor levels (pg/mL) 








IL-3 


' <444 


7,995 


1,061 


GM-CSF 


<16 


<15 


<15 


IL-5 


<60 


<60 


<60 



' Peripheral blood counts from Case 2 at three different time points with 
the corresponding growth factor levels quantified by immunoassay. The 
patient received chemotherapy between 1/1 6/84 and 3/ 1 4/84 to tower 
his leukemic burden. 3 No serum samples were available for a similar 
analysis of Case 1. 
Abbreviation: WBC, white blood cells. 
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concentration of monoclonal rat antWL-3, BVD3-6G8 W^^^^^ 9 6^^ ^ T^ «ono«peoH5c by using a 1 ng/rnL*nal 
Inhibition of proliferation was evident to«K*rit^ ™ M ° Ab ' ° n 1/1 6/ **™* 3/14/84, 

waanot detected In this assay, as aml^^nTa'er^^ -ooumantmg serum levels of IL-3 on those days. SWlL-5 



indicated that these other myeloid growth factors were not 
dctectably circulating in the serum of this patient. 

DISCUSSION 

In this report, we have extended our analysis of acute 
lymphocytic leukemia and eosinophilia associated with the 
t(5;I4) translocation. In both cases we have studied, we have 
documented the joining of the IL-3 gene from chromosome 5 
to the IgH gene from chromosome 14. The breakpoints on 
chromosome 5 are within 500 bp of each other, suggesting 
that additional breakpoints will be clustered in a small region 
of the IL-3 promotor. The PCR assay we have developed will 
be useful in the screening of additional clinical samples for 
this abnormality. 

The finding of a disrupted IL-3 promoter associated with 
an otherwise normal IL-3 gene implied that this transloca- 
tion might lead to the over-expression of a normal IL-3 gene 
product In this work, we have documented that this is true. 
In addition, neither GM-CSF nor ll>-5 are* over-expressed by 
the leukemic cells. Furthermore, in one patient, serum IL-3 
could be measured and correlated with disease activity. To 
our knowledge, this is the first measurement of human IL-3 
in serum and its association with a disease process. The 
measurement of serum IL-3 in this and other clinical settings 
may now be indicated. 



The finding of the IL-3 gene adjacent to a cancer- 
associated translocation breakpoint suggests that its activa- 
tion is important for oncogenesis. It is our thesis that an 
autocrine loop for IL-3 is important for the evolution of this 
leukemia. 21 The excessive IL-3 production that we have 
documented would be one feature of such an autocrine loop. 
The final proof of our thesis must await additional data. In 
particular, from the study of additional clinical samples, it 
will be necessary to document that the IL-3 receptor is 
present on the leukemic cells and that antir-IL-3 antibody 
decreases proliferation of the leukemia in vitro. 

An important aspect of this work is the suggestion of a 
therapeutic approach for this disease. If an autocrine loop for 
IL-3 can be documented in this disease, attempts to lower 
circulating II>3 levels or block the interaction of IL-3 with 
its receptor may prove useful. Because it is also possible that 
the eosinophilia in these patients is mediated by the para- 
crine effects of leukeimn-deriyed %3, similar interventions 
may' improve this aspect of the disease. Antibodies or * 
engmeered ligands to accomplish these goals may soon be 
available. 
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Clinical and Pathologic Significance of the 
c-erbB-2 (HER-2/neu) Oncogene 

Timothy P. Singleton and John G. Strickler 



The c-erbK-2 oncogene was first shown to have clinical significance in 1987 by 
Slamon et al, TO who reported that c-er&B«2 DNA amplification in breast carcino- 
mas correlated with decreased survival in patients with metastasis to axillary 
lymph nodes. Subsequent studies, however, of c-eriB-2 activation in breast 
carcinoma reached conflicting conclusions about its clinical significance. This 
oncogene also has been reported to have clinical and pathologic implications in 
other neoplasms. Our review summarizes these various studies and examines 
the clinical relevance of c-eriB-2 activation, which has not been emphasized in 
recent reviews. 5 **.** The molecular biology of the Q-erbB-2 oncogene has been 
extensively reviewed 37 ' 39 - 58 and will be discussed only briefly here. 



1 



BACKGROUND { 

The c-erfcB-2 oncogene was discovered in the 1980s by three lines of investiga- 
tion. The neu oncogene was detected as a mutated transforming gene in 
neuroblastomas induced by ethylnitrosurea treatment of fetal isti-WHw The c- 
erfcB-2 was a human gene discovered by its homology to the retroviral gene v- 
erbB**w HER-2 was isolated by screening a human genomic DNA library for 
homology with v~eriB " When the DNA'' sequences were determined subse- 
quently, c-erfcB-2 t HER-2, and neu were found to represent the same gene. 
Recently, the c-er&B-2 oncogene also has been referred to as NGL. 

The c-erfoB«2 DNA is located on human chromosome 17q21 M '» 88 and codes 
for c-eriB-2 mRNA (4.6 kb). which translates c-erfcB-2 protein (pl85). This 
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protein is a norma] component of cytoplasmic membranes. The c-eriB-2 
oncogene is homologous with, but not identical to, c-eriB-1, which is located 
- ; • on chromosome 7 and codes for the epidermal growth factor receptor. ^Thc c- 

protein is a receptor on cell membranes and has intracellular tyrosine 
kinase activity and an extracellular binding domain. *• 108 Electron microscopy 
, with a polyclonal antibody detects o-erfcB-2 immunoreactivity on cytoplasmic 

: ■ membranas of neoplasms, especially on microvilli and the non-villous outer cell 

membrane. 61 In normal cells, immunohistochemical reactivity for c-erfeB-2 is 
frequently present at the basolateral membrane or the cytoplasmic membrane's 
brush border. 2 * 6 * 

Hieire is experimental evidence that e-erfoB-2 protein may be involved in 
the pathogenesis of breast neoplasia. Overproduction of otherwise normal c- 
erfcB-2 protein can transform a cell line into a malignant phenotype. 85 Also, 
when the neu oncogene containihjfan activating point mutation' is placed in 
transgenic mice with a strong promoter for increased expression, the mice 
develop multiple independent mammary adenocarcinomas. 16 * 69 In other expert- 
ments, monoclonal antibodies against die neu protein inhibit the growth (in 
|| * nude mice) of a n en-transformed cell line, 2 *-* 8 and immunization of mice with 

5j I neu protein protects them from subsequent tumor challenge with the neu- 

|? • transformed cell line. 14 Some authors have speculated that the use of antago- 

't 'i j nists for the unknown ligand could bo useful in future chemotherapy. 55 Further 

'l review of this experimental evidence is beyond the scope of this article. 

ill-. The c-erbB-2 activation most likely occurs at an early stage of neoplastic 

$ i . development. This hypothesis is supported by the presence of c-er&B-2 activa- 

•Li;! tion in both In situ and invasive breast carcinomas. In addition, studies of 

1 . metastatic breast carcinomas usually demonstrate uniform c-eriB-2 activation 

at multiple sites in the same patient, although MrfeB-2 activation has 

;ji j rarely been detected in metastatic lesions but not in the primary tumor; 57 * 00 * 107 

1 J Even more rarely, c-erfrB-2 DNA amplification has been detected in a primary 

breast carcinoma but not in its lymph node metastasis. 6 In patients who have 



". ij ' bilateral breast neoplasms, both lesions have similar patterns of c-erfcB-2 activa- 



tion, but only a few such pases have been studied. 11 



MECHANISMS OF c-erf>B-2 ACTIVATION 



: : ? I The most common mechanism of c-erfeB-2 activation is genomic DNA amplifica- 

\\ I } tion, which almost always results in oveiproduction of c-sr&B-2 mRNA and 

'i I . protein. lT - 34 » 65 ' BI The c-erfcB-2 amplification may stabilize the overproduction of 

;| 5 1 mRNA or protein through unknown mechanisms. Human breast carcinomas 

:| j; : with <y«r&B-2 amplification contain 2 to 40 times more c-erbB-2 DNA 4 ' 3 and 4 to 

] f-jj ■ 128 times more c-erhh-2 mRNA* 4 * 80 than found in normal tissue. Most human 

i| ■ breast carcinomas with c-er&B-2 amplification have 2 to IS times more c-erfcB-2 

;| jj ; DNA, Tumors with greater amplification tend to have greater overproduc- 
tion. 17 * 52 - 65 The non-mammary neoplasms that have been studied tend to have 
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similar levels of c-erfcB-2 amplification or overproduction relative to the corre- 
sponding normal tissue. 

The second most common mechanism of c-eriB-2 activation is overproduc- 
tion of c-erbB-2 mRNA and protein without amplification of c-erhB-2 DNA. 81 
The quantities of mRNA and protein usually are less than those in amplified 
cases and may approach the small quantities present in normal breast or other 
tissues. w,6ft» The c-erfeB-2 protein overproduction without mRNA overproduc- 
tion or DNA amplification has been described in a few human breast carcinoma 
cell lines. * 

Other rare mechanisms of c-erfcB-2 activation have been reported. Translo- 
cations involving the c-erbB-2 gene have been described in a few mammary and 
gastric carcinomas, although some reported cases may represent restriction 
fragment length polymorphisms or incomplete restriction enzyme digestions 
that mimic translocations. 3 ^ 65 ' 7 * 84 ' 8 ^ 108 Asmgle point mutation in the transmem- 
brane portion of neu has been described in xat neuroblastomas induced by 
ethylnitrosurea>*The mutated neu protein has increased tyrosine kinase activ- 
ity and aggregates at the cell membrane. Although there has been specula- 
tion that some of the amplified c-er6B-2 genes may contain point mutations, 46 
none has been detected in primary human neoplasms. W 

TECHNIQUES FOR DETECTING c*ertB-2 ACTIVATION 
Detection of c-erbB-2 DNA Amplification 

Amplification of c-firfeB-2 DNA is usually detected by DNA dot blot or South- 
ern blot hybridization, In the dot blot method, the extracted DNA is placed 
directly on a nylon membrane and hybridized with a c-eriB-2 DNA probe. In 
the Southern blot method, the extracted DNA is treated with a restriction 
enzyme, and the fragments are separated by electrophoresis, transferred to a 
nylon membrane, and hybridized with a c-*riB-2 DNA probe. In both tech- 
niques, oer&B-2 amplification is quantified by comparing the intensity (mea- 
sured by densitometry) of the hybridization bands from the sample with those 
from control tissue. 

Several technical problems may complicate the measurement of c-er&B-2 
DNA amplification. First, the extracted tumor DNA may be excessively de- 
graded or diluted by DNA from stromal cells* 61 Second, the c-erfcB-2 DNA 
probe must be carefully chosen and labeled. For example, oligonucleotide c- 
erbB-2 probes may not be sensitive' enough for measuring a bw level of c-eriB- 
2 amplification, because diploid copy numbers can be difficult to detect (unpub- 
lished data). Third, the total amounts of DNA in the sample and control tissue 
must be compensated for, often with a probe to an unamplified gene. Many 
studies have used control probes to genes on chromosome 17, the location of c- 
er&B-2 t to correct for possible alterations in chromosome number. Identical 
results, however, are obtained by using control probes to genes on other chro- 
mosomes, 5 * 6S ' 80 with rare exception. ,T Studies using control probes to the beta- 
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globin gene must be interpreted with caution, because one allele of this gene is 
deleted occasionally in bTeast carcinomas. 3 

Amplification of c-erfcB-2 DNA was assessed by using the polymerase 
chain reaction (PCR) in one recent study. 32 Oligoprimers for die o-erfcB-2 gene 
and a control gene are added to the sample's DNA, and PCR is performed. If 
die sample contains more copies of c-erbB-2 DNA than of the control gene, the 
c-eriB-2 DNA is replicated preferentially. 

Detection of c-erbB-2 mRNA Overproduction 

Overproduction of c-erfcfi-2 mRNA usually is measured by RNA dot blot or 
Northern blot hybridization. Qoth techniques require extraction of RNA but 
otherwise are analogous to DNA dot blot and Southern blot hybridization* Use 
of PCR for detection of o*r6B-2 mRNA hacbeen described hi two recent 
abstracts.** 10 * 

Overproduction of c-erbB-2 mRNA can be measured by in situ hybridiza- 
tion. Sections are mounted on glass slides, treated with protease, hybridized 
with a radiolabeled probe, washed, treated with nuclease to remove unbound 
probe, and developed for autoradiography. Silver grains are seen only over 
tumor cells that overproduce oerbB-2 mRNA. Negative control probes are 
used. 6 *.*' 106 Our experience indicates that these techniques are relatively insensi- 
tive for detecting oer&B-2 mRNA overproduction in routinely processed tisr 
sue. Although the sensitivity may be increased by modifications that allow 
simultaneous detection of c-er2>B~2 DNA and mRNA, in situ hybridization still 
is cumbersome and expensive (unpublished data). 

All of the above e-erfcB-2 mRNA detection techniques have several prob- 
lems that make them more difficult to perform than techniques for detecting 
DNA amplification. One major problem is the rapid degradation of RNA in 
tissue that is not immediately frozen or fixed. In addition, during the detection 
procedure, RNA can be degraded by RNase; a ubiquitous enzyme, which must 
be eliminated meticulously from laboratory solutions. Third, control probes to 
genes that are uniformly expressed in the tissue of interest need to be carefully 
selected. . T - 

Detection of c-erbB-2 Protein Overproduction 

The most accurate methods for detecting c-erhB-2 protein overproduction are 
the Western blot method and immunoprecipitation. Both techniques can docu- 
ment the binding specificity of various antibodies against c-eri?B-2 protein. In 
Western blot studies, protein is extracted from the tissue, separated by electro- 
phoresis (according to size), transferred to a membrane, and detected by using an- 
tibodies to c-erbB-2. In immunoprecipitation studies, antibodies against c-er&B- 
2 are added to a tumor lysate, and the resulting protein-antibody precipitate is 
separated by gel electrophoresis and stained for protein. Both Western blot and 
immunoprecipitation are useful research tools but currently are not practical for 
diagnostic pathology. Two recent abstracts have described an enzyme-linked 
immunosorbent assay (EUSA) for detection of c-erhB-2. protein. 
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Overproduction of protein is most commonly assessed by various 

immunohistochemical techniques. These procedures, often generate conflicting 
results, which are explained at least partially by three factors. First, various 
studies have used* different polyclonal arid monoclonal antibodies. Because 
some polyclonal antibodies recognize weak, bands in addition to the c-erfcB-2 
protein band on Western blot or immonoprecipitatlon, the results of these 
studies should be interpreted With caution. 28 ' 3 ** 7 ' 61 Even some monoclonal anti- 
bodies immunoprecipitate protein bands in addition to c-erbB-2 (plSS).^ 59 ' 88 
Second, tissue fixation contributes to variability between studies. Bbr example, 
some antibodies detect c-eriB-2 protein only in frozen tissue and do not react 
in fixed tissue. In general, formalin fixation diminishes the sensitivity of 
immunohistochemical methods and decreases the number of reactive cells. 81 ' 88 
When Bouins fixative is used, there may*be a Ju^c* percentage of positive 
cases, 12 Third, minimal criteria for interpreting immunohistochemical staining 
are generally lacking. Although there is general agreement that distinct crisp 
cytoplasmic membrane staining is diagnostic for c-eriB-2 activation in breast 
. carcinoma, the number of positive cells and the staining intensity required to 
diagnose c-erb&-2 protein overproduction varies from study to study and from 
antibody to antibody. Degradation of c-erfeB-2 protein is not a problem because 
it can be detected in intact form more than 24 hours after tumor resection 
without fixation or freezing. 04 



ACTIVATION OF c-erf>B-2 IN BREAST LESIONS 
Incidence of c-arbB-2 Activation 

Most studies of c-erbB-2 oncogene activation do not specify histological sub- 
types of infiltrating breast carcinoma. Amplification of c-erbB-2 DNA was found 
in 19.1 percent (519 of 2715) of invasive carcinomas in 25 studies (Table 1), and 
c-erfcB-2 mRNA or protein overproduction was detected in 20.9 percent (568 of 
2714) of invasive carcinomas in 20 studies. Twelve studies have documented c- 
fcr&B^Z mRNA or protein overproduction ih 15 percent (88 of 604) of carcinomas 
that lacked c-erhB-2 DNA amplification. 

The incidence of c-erbBJL activation in infiltrating breast carcinoma varies 
with the histological subtype. Approximately 22 percent (142 of 650) of infiltrat- 
ing ductal carcinomas have c-erbB-2 activation, as expected from the above 
data. Other variants of breast carcinoma with frequent c-eriB-2 activation are 
inflammatory carcinoma (62 percent, 54 of 87), Paget s disease (82 percent, 9 of 
11), and medullary carcinoma (22 percent, 5 of 23), In contrast, c-er6B-2 activa- 
tion is infrequent in infiltrating lobular carcinoma (7 percent, 5 of 73) and 
tubular carcinoma (7 percent, 1 of 15). 

The e-er&B-2 protein overproduction is present in 44 percent (44 of 100) of 
ductal carcinomas in situ and especially comedocardnoma in situ (68 percent, 
49 of 72). The raicropapillary type of ductal carcinoma in situ also tends to have 
c-er&B-2 activation, 40 - 54 * 68 especially if larger cells are present. The . greater fre- 
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quency of e-erfcB-2 protein overproduction In coxnedocarcjnoma in situ, com- 
pared with infiltrating ductal carcinoma, could be explained by the fact that 
many infiltrating ductal carcinomas arise from other types of intraductal carci- 
noma, which show c»er&B-2 activation infrequently. Others have speculated 
that carcinoma in situ with c-er frB-2 activation tends to regress or to lose c- 
erbB-2 activation during progression to invasion. 40 * 68 ' 82 Infiltrating and in situ 
components of ductal carcinoma, however, usually are similar with respect to c- 
erhB-2 activation, 11 * 39 although some authors have noted more heterogeneity of 
the immunohistochemical staining pattern in invasive than in in situ carci- 
noma,' 10 ^ 88 Activation of c-erfcB-2 is infrequent in lobular carcinoma in situ. If 
lesions contain more than one histological pattern of carcinoma in situ, the c- 
erfcB-2 protein overproduction tends to occur in the comedocarcinoma in situ 
but may include other areas of carcinoma in situ. 4 *- 5 * 6 * Overproduction of c- 
■er&B-£ protein in ductal carcinoma in situ correlates with larger cell size and a 
periductal lymphoid infiltrate, 08 

Activation of c-erfcB-2 has not been identified in benign breast lesions, 
including fibrocystic disease, fibroadenomas, and radial scars (Table 2). Strong 
membrane immunohistochemical reactivity for o-erbB-2 has not been described 
in atypical ductal hyperplasia, although weak accentuation of membrane staining 
has been noted infrequently.®.^ In normal breast tissue, c-eriB-2 DNA is 
diploid, and c-erhB-2 is expressed at lower levels than in activated tumors. 3 *- 35 *** 8 * 

These preliminary data suggest that c-erbB-2 activation may not be useful 
for resolving many of the common problems in diagnostic surgical pathology. For 
example, c-erfeB-2 activation is infrequent in tubular carcinoma and radial scars. 
In addition, because c-crbB-2 activation is unusual in atypical ductal hyperplasia, 
cribriform carcinoma in situ, and papillary carcinoma in situ, detection of c-er&B- 
2 activation in these lesions may not be helpful in their differential diagnosis. The 
histological features of comedocarcinoina in situ, which commonly overproduces 
c-er&B-2, are unlikely to he mistaken for those of benign lesions. Activation of 



TABLE 2, g-flrigg ACTIVATION IN BENIGN HUMAN BREAST LESIONS 





c-eroB-2 DNA 


c-er6B-2 mRNA 


c-erbB-2 Protein 


Histological Diagnosis 


Amplification' 


Overproduction 


Overproduction 


Fibrocystic disease 


0710* 




0/32,^0/9," 0/8 M 


Atypical ductal hyperplasia 






2(weakV21," 
ItcytoplasmloyiS 39 


Benign ductal hyperplasia 
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Sclerosing adenosis 
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c-erfrB-2, however, does favor infiltrating ductal carcinoma over infiltrating 
lobular carcinoma, Further studies of these issues would be useful. 

Correlation of c-erbB-2 Activation With Pathologic Prognostic Factors 

Multiple studies have attempted to correlate oerbB-2 activation with various 
pathologic prognostic factors (Table 3). Activation of c-er&B r 2 was correlated 
with lymph node metastasis in 8 of 28 series, with higher histological grade in 6 
of 17 series, and with higher stage in 4 of 14 series. Large tumor size was not 
associated with oerfcB-2 activation in most studies (11 of 14). Tetraploid DNA 
content and low proliferation, measured by Ki-67, have been suggested as 
prognostic factors and may correlate with c^r&B-2 activation. 6 7 

Correlation of c-erbB-2 Activation With Clinical-Prognostic Factors 

Various studies have attempted also to correlate c-erfeB-2 activation with clinical 
features that may predict a poor outcome (Table 4). Activation of c-erbB-2 
correlated with absence of estrogen receptors in 10 of 28 series and with ab- 
sence of progesterone receptors in 6 of 18 series. In most studies, patient age 
did not correlate with c-wiB-2 activation, and, in the rest of the reports, c- 
erbB-2 activation was associated with either younger or older ages. . 

Correlation of oorJbB-2 Activation With Patient Outcome 

Slamon et aF 9 * 8 * first showed that amplification of the c-erfcB-2 oncogene inde- 
pendently predicts decreased survival of patients with breast carcinoma. The 
correlation of o-erbB-2 amplification with poor outcome was nearly as strong as 
the correlation of number of involved lymph nodes with poor outcome. Slamon 
et al also reported that c-erbB-2 amplification is an important prognostic indica- 
tor only in patients with lymph node metastasis. 78 * 1 

A large number of subsequent studies also attempted to correlate c-er£B-2 
activation with prognosis (Table 5). In 12 series, there was a correlation be- 
tween oerbB-2 activation and tumor recurrence or decreased survival. In five 
of these series, the predictive value of c-erbB-2 activation was reported to be 
independent of other prognostic factors*-In contrast, 18 series did notconfirm 
the correlation of c-crfeB-2 activation with recurrence or survival Four possible 
explanations for this controversy are,discussed below. 

One problem is that c-erfcB-2 amplification correlates with prognosis 
mainly in patients with lymph node metastasis. As summarized in Table 5, most 
studies of patients with axillary lymph node metastasis showed a correlation of 
c-eriB-2 activation with poor outcome. In contrast, most studies of patients 
without axillary metastasis have not demonstrated a correlation with patient 
outcome. Table 6 summarizes the studies in which all patients (with and with- 
out axillary metastasis) were considered as one group. There is a trend for 
studies with a higher percentage of metastatic cases to show an association 
between c-erbB-2 activation and poor outcome. Thus, most of the current 
evidence suggests that c-er&B-2 activation has prognostic value only in patients 
with metastasis to lymph nodes. 
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TABLE 5, CORRELATION OP c«er6B-2 ACTIVATION WITH OUTCOME IN PATIENTS 
WITH BREAST CARCINOMA 

Number of Patients 



With 

Type of Metastases to 





P- 


c-eroB-2 
Activation* 


rote; 


Axillary 
Lymph Nodes 


Wo 
Metastasis 


Statistical 
Analysis 0 


Reference 




<0.05 


DNA 


17fi 






M 


87 . 




<6.os 


DMA 










ov 


z 


<o,os 


DNA 








■ I 

V 


55 




<0.05 


DNA 


41 






1 1 

U 


oo 
99 




<0.05 


mRMA 








1 1 


55 




<0.05 


Prntftfn 

rfUIVIII * - 








nn - 


TOT 




<0.05 


DNA 




0*fO 




W 


Ol 




<0.05 


DMA 




ion 




■ i 
v 


17 




<0 OS 










1 1 
U 


87 




<0.O5 


DMA 




AH 




M 


73. 




<0.05 


Protein- WB 




95n 




ii 


CO 




<0.05 


Protein 




62 


44 


u 


101 




Q.05-O.15 


DNA 


67 






u 


111 




0.05-0.15 


Protein 


189 






M 


92 




0.05-0-15 


Protein 




120 




u 


86 




>0.15 


DNA 


130 






u 


113 




>0,15 


DNA 


122 


r 




M 


4 




>0.15 


DNA 


50 






U 


44 




>0.15 


mRNA 


57 






u 


50 




>0.15 


Protein 


280 






M 


86 




>0.15 


Protein 


185 






U 


11 




>0.1S 


Protein 


102 






u 


39 


i ■ 


>0.15 


Protein 




137 




u 


17 




>0,15 


DNA 






1B1 


M 


81 


: 


>0.15 


DNA - 






159 


u 


ft 




>0.15 . 


DNA 






73 


u 


87 


: ' 


>0.15 


Protelr>WB 






378 


u 


85 




>0.15 


Proteln-WB 






192 


u 


17 




>0,15 


Protein 






141 


u 


86 




>0.15 


Protein 






41 


u 


40 



*The endpotnts of these studies were tumor recurrence or decreased survive! or both. Correlation between o- 
eroB-2 activation and a poorer patient outcome Is statistically significant el <0.0S. Is ol equivocal slgnfflcanoe 
at 0.05 to 0.16, and la not significant at >0.16. 

6 5hown as variable measured. Letters -WB' Indicate essay by Western blot; the other protein studies used 
ImmuiwNstocrtemJcal methods. 

*M - multivariate statistical analysis; U - univariate statistical analysfa. 
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TABLE 6, PERCENTAGE OF BREAST CARCINOMAS WfTH METASTASIS COMPARED 
WTH PROGNOSTIC SIGNIFICANCE OF C-erbB-2 ACTIVATION 



ttoftumorewltn 
lymph node 
metastasis In 
each study 



70- 



60- 



60- 



40* 



71 (DNA)* 



61 (DNA)*» 

69{DNA)» 
^Protein) 10 ' 



64<DNA)t" 



42(Protetn)K 



P<0.05 



— h 



a05<P<0.15 



64 (mRNA)™ 
61(DNA)< 



68(ONA)« 
57{DNA)»* 



4S(Proieln)" 
46(Pfoteln)» 



— I 

p>o:is 



P for correlation of c-ertB-Z activation with patient outcome. 

Each stud/a percentage of breast carcinomas with metastasis Js compared with the correlation between o- 
erpB-2acllvatlon and outcome. These data induce onty those studies lhat considered, as one group, aS breast 
cancer patterns, whether or not they had axfflary metastasis. Superscripts are the references. In parentheses 
are the types ol c-erOB-2 activation, p values are Interpreted as In Table 3. 



A second problem is that various types of breast carcinoma are grouped 
together in many survival studies. Because the current literature suggests that 
c-erbB-2 activation is infrequent fn lobular carcinoma, studies that combine 
infiltrating ductal and lobular carcinomas may dilute the prognostic effect of o 
ariB-2 activation in ductal tumors/ In addition^ most studies do not analyze 
inflammatory breast carcinoma separately. This condition frequently shows c- 
erfcB-2 activation and has a worse prognosis than the usual mammary cared* 
noma, but it is an uncommon lesion. 

A third potential problem is the paucity of studies that attempt to correlate 
c-erfcB-2 activation with clinical outcome in subsets of breast carcinoma without 
metastasis. IWo recent abstracts reported that in patients without lymph node 
metastasis who had various risk factors for recurrence (such as large tumor size 
and absence of estrogen receptors), overexpression predicted early 

recurrence, «w» In patients with ductal carcinoma in situ, one small study found 
no association between tumor recurrence and c-er&B-2 activation. 40 

A fourth problem is the lack of data regarding whether the prognosis 
correlates better with c-<?rfeB-2 DNA amplification or with xnRNA or protein 
overproduction. Most studies that find a correlation between c-eriB-2 activa- 
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tion and poor patient outcome measure c-*riB-2 DNA amplification (Table 5), 
and breast carcinoma patients with greater amplification of c-ertB-2 may have 
poorer survival ^ Recent studies suggest that amplification has more prognos- 
tic power than overproduction, 17 -".* }, ut t h e c i inica j significance 0 f c-arbB-2 
overproduction without DNA amplification deserves further researches* Few 
studies have attempted to correlate patient outebme with c-er£>B-2 mRNA 
overproduction, and many studies of c-erfcB-2 protein overproduction use rela- 
tively less reliable methods such as immunohistochemical studies with poly- 
clonal antibodies. 

Comparison of Activation With OtherOncogenes In 

Breast Carcinoma 

Other oncogenes that may have prognostic implications in iuxnan breast cancer 
are reviewed elsewhere. 71 - 106 This section will be restricted to a comparison 
between the clinical relevance of c-erfcB-2 and these other oncogenes. 

The omyc gene is often activated in breast carcinomas, but c-tnyc activa- 
tion generally has less prognostic importance than c-eriB-2 activation, ",34,77.87.99 
One study found a correlation between increased mRNAs of cseriB-2 and c- 
myc, although other reports have not confirmed this, 34 - 106 Subsequent research, 
however, could demonstrate a subset of breast carcinomas in which c-myc has 
more prognostic importance than oerbB-Z. 

The gene c-erfcB-1 for the epidermal growth factor receptor (EGFR) is 
homologous with oerbB-2 but is infrequently amplified in breast carcinomas. 7 * 
Overproduction of EGFR, however, occurs more frequently than amplification 
and may correlate with a poor prognosis. In studies that have examined both c- 
erbE-2 and EGFR in the same tumor, c-er&B-2 has a stronger correlation with 
poor prognostic factors « « Studies have tended to show no correlation between 
amplification of and <>erbB-l or overproduction of e-*r&B-2 and EQFR, 

although at the molecular level EGFR mediates phosphorylation of c~erbB-2 
protein. 5l ' 82 ^ M .H» Recent reviews describe EGFR in breast carcinoma,** 100 

The genes oerbA and ear-1 are homologous to the thyroid hormone recep- 
tor, and they are located adjacent U?6ierbB& on chromosome 17. Ihese genes 
are frequently coamplified with c-^rfeB-2 in breast carcinomas. The absence of 
c-erbA expression in breast carcinomas, however, is evidence against an impor- 
tant role for this gene in breast neoplasia. 90 Amplification of c-erfcB-2 can occur 
without ear-1 amplification, and these tumors have a decreased survival that is 
similar to tumors with both c-erfcB-2 and ear-1 amplification. 87 Consequendy, 
c-eriB-2 amplification seems to be more important than amplification of oerbA 
or ear-1. 

Other genes also have been compared with c-er&B-2 activation in breast 
carcinomas. One study found a significant correlation between increased o-erhB- 
2 mRNA and increased mRNAs of/os, platelet-derived growth factor chain A, 
and Ki-ra$. m Allelic- deletion of c-Ha-ro* may indicate a poorer prognosis in 
breast carcinoma, 81 but it has not been compared with c-er6B-2 activation. Some 
studies have suggested a correlation between advanced stage or recurrence of 
breast carcinoma and activation of any one of several oncogenes, ".ua 
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ACTIVATION OF c-erf>B-2 IN NON-MAMMARY TISSUES ! 

Incidence of c-ert>B-2 Activation In Non-Mammary Tissues j 

Table 7 summarizes the normal tissues In which o-erbB-2 expression has been 
detected, usually with immunohistochemical methods using polyclonal anti- 



TABLE 7. PRESENCE OR ABSENCE OF c-e/*B-2 mRNA OR c-erbB-2 PROTEIN IN 
NORMAL HUMAN TISSUES 



Tissues With 








Tissues Producing Tissues Lacking 


Tissues Lacking 


mRNA 


c-e/bB-2 Protein* c-erf)B-2 mRNA 


c-eroB-2 Protein 


Skirt 84 


Epidermis 88 






txiemai root sneatn 00 


- ■ k 




Eccrine sweat gland 60 






Fetal oral mucosa 84 


Postnatal oral mucosa 82 




Fetal esophagus 62 


Postnatal esoohaous 62 


StoynarfijM 

WIW) II BU#t 1 


w nil i ictui r*" 

Fetal Intestine* 2 * 




Jejunum" 


Small Intestine 22 ^® 




Colon" 


Colon 32 - 62 




Kidney" 


Fetal kidneys Kidneys"* 


Glomerulus* 

Postnatal Bowman's capsule 82 




Fetal Droxlma! tubule* 2 


Postnatal or oximaJ tubule 82 




Distal tubule® 






Fetal collecting duct" 


Postnatal collecting duct 82 




Fetal renal pelvis 82 


Postnatal renal pelvis 82 




Fetal ureter 82 


Postnatal fetal ureter 82 


Liver* 


Hepatocytes 22 
Pancreatic acini 22 
Pancreatic ducts 42 * 62 


Uver* 2 * 




Endocrine cells of Islets > 


Pancreatta islets 82 




orLangernans 22 




lung* 


Fetal trachea 62 

Fetal bronchioles 82 — * * • 
Bronchioles" 


Postnatal trachea* 2 




Postnatal bronchioles 82 
Postnatal alveoli 82 * 98 


Fetal brain" 




Postnatal brain 82 




Fetal ganglion cells* 


Postnatal ganglion cells 82 


Thyroid* 






Uterus" 


Ovary 12 






Bloodvessels 42 


Endothelium 82 


Placenta 2 * 




Adrenocortical cells 82 
Postnatal thymus 82 
Fibroblasts 82 
Smooth muscle cells 82 
Cardiac muscle cells" 



This protetn study used Western blots; the rest used Immunohistochemical methods. 
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bodies. Only a few studies have been performed, and some of these do not 
demonstrate convincing cell membrane reactivity in the published photo- 
graphs. The interpretations in these studies, however, are listed, with the 
caveat that these findings should be confirmed by immnnopfecipitation or 
Western or RNA blots. Production of <H?r6B-2 has been identified in normal 
epithelium of the gastrointestinal tract and skin. Discrepancies regarding c- 
«ri>B-2 protein in other tissues could be due, at least in part, to differences in 
techniques. 

Hie data on c-er&B-2 activation in various non-mammary neoplasms 
should be Interpreted with caution, because only small numbers of tumors have 
been studied, usually by immunohistochemical methods using polyclonal anti- 
bodies. Studies using cell lines have been excluded, because cell culture can 
induce amplification and over-expression of other genes, although this has not 
• been documented for c-erbh-2. 

Activation of <veriB-2 has been identified in 32 percent (64 of 203) of 
ovarian carcinomas in eight studies (Table 8), One abstract* 5 stated that ovarian 
carcinomas contained significantly more c-erfcB-2 protein than ovarian non- 
epithelial malignancies. Another report 81 showed that 12 percent of ovarian 
carcinomas had oerbB-2 overproduction without amplification. 

Activation of c-erfeB-2 has been identified in 20 percent (40 of 198) of 
gastric adenocarcinomas in seven studies, including 33 percent (21 of 64) of 



TABLE a c-er*B~2 ACTIVATION IN HUMAN GYNECOLOGIC TUMORS- 







o-eroB'2 


CNe/oB-2 






roRNA 


Protein 




**rbB-2 DMA 


OVBf- 


Over- 


Tumor Type 


Amplification 


p reduction 


production 


Ovary — carcinoma, not otherwise 


31/1 20 « 1/11 » 


23/6?" 


2a/73* 


specified 


0/6W0/6M073."* 
. 0/2* Q/1 no 




36/72" 


Ovary— serous (papillary) carcinoma 


27»»1/7 1 ««0/6 71 , 






iOvary — endometrioid carcinoma 1 - - 


Qftm 






Ovary— mucinous carcinoma 


1/2,"o 0/1" 






Ovary— clear cell carcinoma 


0/2/1*0/1 72 






Ovary— mixed epithelial carcinoma 


0/2* 






Ovary— endometrioid borderline tumor 


0/1* 






Ovary— mucinous borderline tumor 


0/3" 






Ovary— serous oyctadenoma 


0/4? 






Ovary— mucinous cyetadenoma 


0/2" 






Ovary— sclerosing stromal tumor 


on 72 






Ovary— flbrothecoma 


071" 






Uterus— endometrial adenocarcinoma 


074 « 071 







•Shown as number ol cases with amplification (or overorodudlon)/tolal number ol cases studied; reference is 
given as superscript All protein studies used ImmunohbtMhernlcal methods. 
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intestinal or tubular subtypes and 9 percent (4 of 47) of diffuse or signet ring cell 
subtypes (Table 9). Activation of o-erfcB-2 has bee* deteoted in 2 percent (6 of 
281) of colorectal carcinomas, although an additional iriimunohlstochemical 
study detected c-er&B-2 protein in seven of eight tissues fixed in Bouins solu- 
tion. One study found greater immunohistochemical reactivity for c-eriB-2 
protein in colonic adenomatous polyps than in the adjacent normal epithelium, 
using Bouin a fixative. Lesions with anaplastic features and progression to inva- 
sive carcinoma tended to show decreased immunohistochemical reactivity for c- 
erbB-2 protein. 2 * Hepatocellular carcinomas (12 of 14 cases) and cholangiocarci- 
nomas (46 of 63 cases) reacted with antibodies against c-er&B-2 In one study, but 
some of these "positive" cases showed only difiuse cytoplasmic staining, which 



TABLE 9, c-orl»B-2 ACTIVATION IN HUMAN GASTROINTESTINAL TUMORS* 



c-ertB-2 
Protein 



Tumor Type 


oe/frMDNA 
Amplification 


Over- 
production 


Esophagus— squamous cell carcinoma 


Q/V" 


071« 


Stomach— carcinoma, poorly differentiated 


0/22™ 




Stomach—adenooardnoma 


2IZ4 t » 2/9,w 2/8,111 


4/27 i »a/10*« 








Stomach— carcinoma, intestinal or tubular type 


571 0<» 


16/54* 


Stomach— carcinoma, diffuse or Blgnel ring cell type 


0/2108 


4/45® 


Colorectum— carcinoma 

f' 


2/49." 1/46V" 


1/22, 5B 7/B 2Zb 




1/45,^1/45* ■ 






0/40 « 0/32,™ (W3 K 




Colon— villous adenoma 


0/1» 




Colon— tubutovillous adenoma 


0/SW 




Colon — tubular adenoma 


0/7" 


13/10*6 


Colon— hyperplastic polyp 






Intestine— leiomyosarcoma 




0/1« 


Hepatocellular carcinoma •■ — 




12/K*072« 


Hepatoblastoma 


071* 




Cholanglocarcinoma 




46/63» 


Pancreas— adenocardncma 




2/80«*072«< 


Pancreas— acinar carcinoma 




0/1 41 


Pancreas— clear cell carcinoma 




072" 


Pancreas — large cell carcinoma 




0/3* 


Pancreas— signet ring carcinoma 




Q/1«i 


Pancreas— chronic Inflammation 




0M4419 



•Shown as number of cases with amplification (or ovemroducUonyiotal number ol caws studied; reference & 
given as superscrtpL Afl protein studies used tmrmihoNstochBmlcal methods, No studies analyzed (or 
2 mRNA. — 
Tlssuss fixed In Boutn'e solution. 

e Only cases whh distinct membrane staining are Interpreted as showing c-ert>B-2 overproduction. 
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TABLE 10. oerbM ACTIVATION IN HUMAN PULMONARY TUMORS* 







oertB-2 


Tumor Type 


c~ert>B-2DNA 


Protein 


Amplification 


Overproduction 


Non-small cod carcinoma 


2/60 »0/60* 


1/84" 


Epidermoid carcinoma 


0/13«W10,"0/6» 


3/5* 


Adenocarcinoma 


0/21 « 1/13 « 077,™ 0/7» 0/3"* 


4/12» 


Large ceil carcinoma 


0/9«0/6» 




Small cell carcinoma 




0/26 « 0/3» 


Carcinoid tumor 




0/3» 



•Shown aa number of oases with ampQAoation (or overpfodudtonytotal number of cases studied; reference Is 
fltoen as superscript All protein studies used hmmmoWstochemteal methods. No studies anaiyied for c-e/fcB- 
2 mRNA. 

does not indicate c~erbB~2 activation in breast neoplasms.* Also, some pancre- 
atic carcinomas and chronic pancreatitis tissue had cytoplasmic immuriohisto- 
chemical reactivity for o<?r&B*2 protein, in addition to the rare case of pancre- 
atic adenocarcinoma with distinct cell membrane staining. 41 

Tables 10 through 14 summarize the studies of activation in other 

neoplasms. The e-erfcB-2 oncogene is not activated in most of these tumors! 
Activation of c-erb B-2 has been detected in 1 percent (4 of 299) of pulmonary 
non-small cell carcinomas in nine studies, although one additional report 09 
found oeriB-2 protein overproduction in 41 percent (7 of 17). Renal cell carci- 
noma had c-eri>B-2 activation in 7 percent (2 of30) in four studies. Overproduc- 
tion of c-er&B-2 protein was described in one transitional cell carcinoma of the 
urinary bladder, a grade 2 papillary lesion," Squamous cell carcinoma and basal 
cell carcinoma of the skin may contain c-erfeB-2 protein, but It is not clear 



TABLE 11. fr«rbB-2 ACTIVATION IN HUMAN HEMATOLOGIC PROLIFERATIONS* 



*> 

Tumor Type 


j 

— c*erbB-2 DNA "~ 
Amplification 


oertB-2 
rpRNA. 
Ove> 
production 


c-erfiB-2 
Protein 
Over* 
production 


Hematologic malignancies 


0/23"t 






Malignant lymphoma 


0/9^ o/3'w 


071' 


0/15« 


Acute leukemia 


0/1457 






Acute lymphoblastic leukemia 


0/1 w 






Acute myeloblasts leukemia 


o/aw 






Chronic leukemia 


0/19* 






Chronic lymphocytic leukemia 


o/ew 






Chronic myelogenous leukemia 


0/e«or 






Myeloproliferative disorder 


0/1 ST 







•Shown ae number of cases wHh amplification (or overproduetlonytotal number of oases studied; reference Is 
{ : Bh»n bs superscript. All protein studies used Imrnunohlstochemlca) methods. 
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TABLE 12. oeroB-2 ACTIVATION IN HUMAN TUMORS OF SOFT TISSUE AND BONE* 





c-erdB-2 DNA 


Tumor Type 


Amplification 


Sarcoma 


0/10, 1 " 0/8" 


Malignant fibrous histiocytoma 


0/1 w 


Uposarcoma 




Pleomorphic sarcoma 




Rhabdomyosarcoma 


on m 


Osteogenic sarcoma 


(M2, ,W 0/2 W . 


Chondrosarcoma 


on™ 


Swing's sarcoma 




Schwannoma 


0/1 87 



■Shown as number of cases with amplification (or overarcdudionyiotal number of cases studied: reference fe 
given as superscript. No studies analyzed (or c*rf>B*2 mRNA or c-erf>B-2 piotoln. 



whether the protein level is increased over that of normal sldri. 56 Thyroid 
carcinomas and adenomas can have low levels of increased v-erbB-2 mRNA. 
One abstract, described low-level c-$r6B-2 DNA amplification in one of ten 
salivary gland pleomorphic adenomas. 48 

Correlation of c-erbB-2 Activation With Patient Outcome 

Very few studies have attempted to correlate c-erfcB-2 activation in non- 
mammary tumors with outcome/ Slamon et al 81 showed that c-erbB-2 amplifica- 
tion or overexpression in ovarian carcinomas correlates with decreased survival, 
especially when marked activation is present However, they did not report the 
stage, histological grade, or histological subtype of these neoplasms. Another 
study of stages III and IV ovarian carcinomas found a correlation between 
decreased survival and c-eriB-2 protein overproduction, but not between sur- 
vival and histological grade, 12 One abstract stated that protein overpro- 
duction in 10 of 16 pulmonary adenocarcinomas correlated with decreased 
disease-free interval.™ Another abs tractdescribed-a tendency for immunohisro- 



TADLE 13. c-ertbiva ACTIVATION IN HUMAN TUMORS OF THE URINARY TRACT* 









c-erf>B-2 






mRNA 


Protein . 




©*rt>B*2 DNA 


Over* 


Over- 


Tumor Type 


Amplification 


production 


production 


Kidney— renal cell carcinoma 


1/6,* 0/5" 


c/16«w 




Wilms* tumor 


0/4* 




i — 


Prostate— adenocarcinoma 






0/23» 


Urinary bladder— carcinoma 






1/46» 



■Shown as number of caseB with arnplltteatton (or overoroductlon)/(otal number of cases studied; reference Is 
given as superscript. All protein studies used ImmunohtetochemicaJ methods. 
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TABLE 14. c+rbB-2 ACTIVATION IN MISCELLANEOUS HUMAN TUMORS' 

c-e/»B*2 

e*foB-2 protein 
_ ONA c*eroB-2 mBNA Over- 

Tumof Type Amplification Overproduction product ion 

Skin— maHflnant melanoma — . oho* 

Skin, head and neck— squamous 0/7<w _ 

cell carcinoma 

Site not stated— squamous cell 0/8*0/2* — _ 
carcinoma 

Salivajy gland— adenocarcinoma 1/1" 

Parotid gland— adenoid cystic — _ m6x 
carcinoma 

~ ThyroW— anaplastic carcinoma 0/1 1 0/1 * ~ " H 

Thyroid— papillary carcinoma 0/5* 3{tow levelsJ/S 1 — 

Thyroid — adenocarcinoma Q/1* _ 

Thyroid— adenoma 072* 1(low tevele)/2' — 

Neuroblastoma OJ35\«OV», OT 0/1 W * — — 

Meningioma 0/2 67 

•Shown as number or cases with amplification (or overproductionyiotaJ rumtfwr of cues studied: reference Is 
given as superscript AR protein studies used ImmuricWstochemtoal rralhods. 

chemical reactivity for e-erhB-2 protein to correlate with higher grades of pros- 
tatic adenocarcinoma. 97 Additional prognostic studies of ovarian carcinomas arid 
other neoplasms are needed. 

SUMMARY 

Activation of the c-eriB-2 oncogene can occur by amplification of oeriB-2 
DNA and by overproduction of o-erbB-2 mRNA and^-erfcB-2 protein. Approxi- 
mately 20. percent of breast carcinomas shqjvr .evidence of «-er&3£2 activation, 
which correlates with a poor prognosis primarily in patients with metastasis to 
axillary lymph nodes. Studies that have attempted to correlate c-erbB-2 activa- 
tion with other prognostic factors in breast carcinoma have reported conflicting 
conclusions. The pathologic and clinical significance of c-eri>B-2 activation in 
other neoplasms is unclear and should be assessed by additional studies. 
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I, J. Christopher Grimaldi, declare and say as follows: 

1 . I am a Senior Research Associate in the Molecular Biology Department of 
Genentech, Inc., South San Francisco, CA 94080. 

2. I joined Genentech in January of 1999. From 1999 to 2003, 1 directed the Cloning 
Laboratory in the Molecular Biology Department. During this time I directed or performed 
numerous molecular biology techniques including qualitative Polymerase Chain Reaction (PCR) 
analyses. I am currently involved in, among other projects, the isolation of genes coding for 
membrane associated proteins which can be used as targets for antibody therapeutics against 
cancer. In connection with the above-identified patent application, I personally performed or 
directed the semi-quantitative PCR analyses in the assay entitled "Tumor Versus Normal 
Differential Tissue Expression Distribution" which is described in EXAMPLE 1 8 in the 
specification that were used to identify differences in gene expression between tumor tissue and 
their normal counterparts. 

3. My scientific Curriculum Vitae, including my list of publications, is attached to 
and forms part of this Declaration (Exhibit A). 

4. In differential gene expression studies, one looks for genes whose expression levels 
differ significantly under different conditions, for example, in normal versus diseased tissue. 
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Chromosomal aberrations, such as gene amplification, and chromosomal translocations are 
important markers of specific types of cancer and lead to the aberrant expression of specific 
genes and their encoded polypeptides, including over-expression and under-expression. For 
example, gene amplification is a process in which specific regions of a chromosome are 
duplicated, thus creating multiple copies of certain genes that normally exist as a single copy. 
Gene under-expression can occur when a gene is not transcribed into mRNA. In addition, 
chromosomal translocations occur when two different chromosomes break and are rejoined to 
each other chromosome resulting in a chimeric chromosome which displays a different expression 
pattern relative to the parent chromosomes. Amplification of certain genes such as Her2/Neu 
[Singletons al, Pathol. Annu. . 27Ptl: 165-190], or chromosomal translocations such as t(5;14), 
[Grimaldi et aL Blood 73(8):2081-2085(1989); Meeker et al y Blood . 76(2):285-289(1990)] give 
cancer cells a growth or survival advantage relative to normal cells, and might also provide a 
mechanism of tumor cell resistance to chemotherapy or radiotherapy. When the chromosomal 
aberration results in the aberrant expression of a mRNA and the corresponding gene product (the 
polypeptide), as it does in the aforementioned cases, the gene product is a promising target for 
cancer therapy, for example, by the therapeutic antibody approach. 

5. Comparison of gene expression levels in normal versus diseased tissue has 
important implications both diagnostically and therapeutically. For example, those who work in 
this field are well aware that in the vast majority of cases, when a gene is over-expressed, as 
evidenced by an increased production of mRNA, the gene product or polypeptide will also be , 
over-expressed. It is unlikely that one identifies increased mRNA expression without associated 
increased protein expression. This same principle applies to gene under-expression. When a 
gene is under-expressed, the gene product is also likely to be under-expressed. Stated in another 
way, two cell samples which have differing mRNA concentrations for a specific gene are 
expected to have correspondingly different concentration of protein for that gene. Techniques 
used to detect mRNA, such as Northern Blotting, Differential Display, in situ hybridization, 
quantitative PCR, Taqman, and more recently Microarray technology all rely on the dogma that a 
change in mRNA will represent a similar change in protein. If this dogma did not hold true then 
these techniques would have little value and not be so widely used. The use of mRNA 
quantitation techniques have identified a seemingly endless number of genes which are 
differentially expressed in various tissues and these genes have subsequently been shown to have 
correspondingly similar changes in their protein levels. Thus, the detection of increased mRNA 
expression is expected to result in increased polypeptide expression, and the detection of 
decreased mRNA expression is expected to result in decreased polypeptide expression. The 
detection of increased or decreased polypeptide expression can be used for cancer diagnosis and 
treatment. 

6. However, even in the rare case^where the protein expression does not correlate 
with the mRNA expression, this still provides significant information useful for cancer diagnosis 
and treatment. For example, if over- or under-expression of a gene product does not correlate 
with over- or under-expression of mRNA in certain tumor types but does so in others, then 
identification of both gene expression and protein expression enables more accurate tumor 
classification and hence better determination of suitable therapy. In addition, absence of over- or 

-2- 



Appl. No. : 10/063,557 

Piled : May 2, 2002 



under-expression of the gene product in the presence of a particular over- or under-expression of 
mRNA is crucial information for the practicing clinician. For example, if a gene is over-expressed 
but the corresponding gene product is not significantly over-expressed, the clinician accordingly 
will decide not to treat a patient with agents that target that gene product. 

7. I hereby declare that all statements made herein of my own knowledge are true and 
that all statements made on information or belief are believed to be true, and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful statements may jeopardize the validity of the application or any 
patent issued thereon. 
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I, Paul Polakis, Ph.D., declare and say as follows: 

1 . I was awarded a Ph.D. by the Department of Biochemistry of the Michigan 
State University in 1984. My scientific Curriculum Vitae is attached to and forms 
part of this Declaration (Exhibit A). 

2. I am currently employed by Genentech, Inc. where my job title is Staff 
Scientist. Since joining Genentech in 1999, one of ray primary responsibilities has 
been leading Genentech f s Tumor Antigen Project, which is a large research project 
with a primary focus on identifying tumor cell markers that find use as targets for 
both the diagnosis and treatment of cancer in humans. 

3. As part of the Tumor Antigen Project, my laboratory has been analyzing 
differential expression of various genes in tumor cells relative to normal cells. 
The purpose of this research is to identify proteins that are abundantly expressed 
on certain tumor cells and that are either (i) not expressed, or (ii) expressed at 
lower levels, on corresponding normal cells. We call such differentially expressed 
proteins "tumor antigen proteins'*. When such a tumor antigen protein is 
identified, one can produce an antibody that recognizes and binds to that protein. 
Such an antibody finds use in the diagnosis of human cancer and may ultimately 
serve as an effective therapeutic in the treatment of human cancer. 

4. In the course of the research conducted by Genentech' s Tumor Antigen 
Project, we have employed a variety of scientific techniques for detecting and 
studying differential gene expression in human tumor cells relative to normal cells, 
at genomic DNA, mRNA and protein,levels. An important example of one such 
technique is the well known and widely used technique of microarray analysis 
which has proven to be extremely useful for the identification of mRNA molecules 
that are differentially expressed in one tissue or cell type relative to another. In the 
course of our research using microarray analysis, we have identified 
approximately 200 gene transcripts that are present in human tumor cells at 
significantly higher levels than in corresponding normal human cells. To date, we 
have generated antibodies that bind to about 30 of the tumor antigen proteins 
expressed from these differentially expressed gene transcripts and have used these 
antibodies to quantitatively determine the level of production of these tumor 
antigen proteins in both human cancer cells and corresponding normal cells. We 
have then compared the levels of mRNA and protein in both the tumor and normal 
cells analyzed. 

5. From the mRNA and protein expression analyses described in paragraph 4 
above, we have observed that there is a strong correlation between changes in the 
level of mRNA present in any particular cell type and the level of protein 





expressed from that mRNA in that cell type. In approximately 80% of our 
observations we have found that increases in the level of a particular mRNA 
correlates with changes in the level of protein expressed from that mRNA when 
human tumor cells are compared with their corresponding normal cells. 

6. Based upon my own experience accumulated in more than 20 years of 
research, including the data discussed in paragraphs 4 and 5 above and my 
knowledge of the relevant scientific literature, it is my considered scientific 
opinion that for human genes, an increased level of mRNA in a tumor cell relative 
to a normal cell typically correlates to a similar increase in abundance of the 
encoded protein in the tumor cell relative to the normal cell. In fact, it remains a 
central dogma in molecular biology that increased mRNA levels are predictive of 
corresponding increased levels of the encoded protein. While there have been 
published reports of genes for which such a correlation does not exist, it is my 
opinion that such reports are exceptions to the commonly understood general rule 
that increased mRNA levels are predictive of corresponding increased levels of the 
encoded protein. 

7. I hereby declare that all statements made herein of my own knowledge are 
true and that all statements made on information or belief are believed to be true, 
and further that these statements were made with the knowledge that willful false 
statements and the like so made are punishable by fine or imprisonment, or both, 
under Section 1001 of Title 18 of the United States Code and that such willful 
statements may jeopardize the validity of the application or any patent issued 
thereon. 
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Figure 6-3 Genes can be expressed 




with different efficiencies. Gene A is 
transcribed and translated much more 
efficiently than gene B.This allows the 
amount of protein A in the cell to be 
much greater than that of protein B. 
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Transcription and translation are the means by which cells read out, or express, 
the genetic instructions in their genes. Because many identical RNA copies can 
be made from the same gene, and each RNA molecule can direct the synthesis 
of many identical protein molecules, cells can synthesize a large amount of 
protein rapidly when necessary. But each gene can also be transcribed and 
translated with a different efficiency, allowing the cell to make vast quantities of 
some proteins and tiny quantities of others (Figure 6-3). Moreover, as we see in 
the next chapter, a cell can change (or regulate)' the expression of each of its 
genes according to the needs of the moment — most obviously by controlling 
the production of its RNA. 

Portions of DNA Sequence Are Transcribed into RNA 

The first step a cell takes in reading out a needed part of its genetic instructions 
is to copy a particular portion of its DNA nucleotide sequence — a gene— into an 
RNA nucleotide sequence. The information in RNA, although copied into another 
chemical form, is still written in essentially the same language as it is in DNA— 
the language of a nucleotide sequence. Hence the name transcription. 

Like DNA, RNA is a linear polymer made of four different types of nucleotide 
subunits linked together by phosphodiester bonds (Figure 6-4). It differs from 
DNA chemically in two* respects: (1) the nucleotides in RNA are 
ribonucleotides— that is, they contain the sugar ribose (hence the name rifeonu- 
deic acid) rather than deojcyribose; (2) although, like DNA, RNA contains the 
bases adenine (A), guanine (G), and cytosine (C), it contains the base uracil (U) 
instead of the thymine (T) in DNA. Since U, like T, can base-pair by hydrogen- 
bonding with A (Figure 6-5), the complementary base-pairing properties 
described for DNA in Chapters 4 and 5 apply also to RNA (in RNA, G pairs with 
C, and A pairs with U). It is not uncommon, however, to find other types of base 
pairs in RNA: for example, G pairing with U occasionally. 

Despite these small chemical differences, DNA and RNA differ quite dra- 
matically in overall structure. Whereas DNA always occurs in cells as a double- 
stranded helix, RNA is single-stranded. RNA chains therefore fold up into a 
variety of shapes, just as a polypeptide chain folds up to form the final shape of 
a protein (Figure 6-6) . As we see later in this chapter, the ability to fold into com- 
plex three-dimensional shapes allows some RNA molecules to have structural 
and catalytic functions. 

*" 

Transcription Produces RNA Complementary to 
One Strand of DNA 

All of the RNA in a cell is made by DNA transcription, a process that has cer- 
tain similarities to the process of DNA replication discussed in Chapter 5. 
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Figure 6-89 Protein aggregates that cause human disease. (A) Schematic illustration of the type of 
conformational change in a protein that produces material for a cross-beta filament. (B) Diagram illustrating 
the self-infectious nature of the protein aggregation that is central to prion diseases. PrP is highly unusual 
because the misfolded version of the protein, called PrP*, induces the normal PrP protein it contacts* to 
change its conformation, as sheW Most of the human diseases caused by protein aggregation are caused by 
the overproduction of a variant protein that is especially prone to aggregation, but because this structure is 
not infectious in this way, it cannot spread from one animal to another. (C) Drawing of a cross-beta filament 
a common type of protease-resistant protein aggregate found in a variety of human neurological diseases. 
Because the hydrogen-bond interactions in a P sheet form between polypeptide backbone atoms (see Figure 
3-9), a number of different abnormally folded proteins can produce this structure. (D) One of several 
possible models for the conversion of PrP to PrP*, showing the likely change of two a-helices into four 
^-st^ands. Although the structure of the normal protein has been determined accurately, the structure of the 
infectious form is not yet known with certainty because the aggregation has prevented the use of standard 
structural techniques. (C, courtesy of Louise Serpell, adapted from M. Sunde et al.,J. MoJ. BioL 273:729-739, 
1 997; D, adapted from S.B. Prusiner, Trends Biocnem. Sd. 2 1 :482-487, 1 996.) 

animals and humans. It can be dangerous to eat the tissues of animals that con- 
tain PrP*, as witnessed most recently by the spread of BSE (commonly referred 
to as the "mad cow disease'*) from cattle to humans in Great Britain. 

Fortunately, in the absence of PrP*, PrP is extraordinarily difficult to convert 
to its abnormal form. Although very few proteins have the potential to misfold 
into an infectious conformation! a similar transformation has been discovered 
to be the cause of an otherwise mysterious "protein-only inheritance" observed 
in yeast cells. 

There Are Many Steps From DNA to Protein 

We have seen so far in this chapter that many different types of chemical reac- 
tions are required to produce a properly folded protein from the information 
contained in a gene (Figure 6-90). The final level of a properly folded protein in 
a cell therefore depends upon the efficiency with which each of the many steps 
is performed. 

We discuss in Chapter 7 that cells have the ability to change the levels of 
their proteins according to their needs. In principle, any or all of the steps in Fig- 
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Figure 6-90 The production of a 
protein by a eucaryotic cell. The final 
level of each protein In a eucaryotic cell 
depends upon the efficiency of each step 
depicted. 
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ure 6-90) could be regulated by the cell for each individual protein. However, as 
we shall see in Chapter 7, the initiation of transcription is the most common 
point for a cell to regulate the expression of each of its genes. This makes sense, 
inasmuch as the most efficient way to keep a gene from being expressed is to 
block the very first step— the transcription of its DNA sequence into an RNA 
molecule. 



Summary 

The translation of the nucleotide sequence of an mRNA molecule into protein takes 
place in the cytoplasm on a large ribonucleoprotein assembly called a ribosome. The 
amino acids used for protein synthesis are first attached to a family of tRNA 
molecules, each of which recognizes, by complementary pose-pair interactions, par- 
ticular sets of three nucleotides in the mRNA (codons). The sequence of nucleotides in 
the mRNA is then read from one end to the other in sets of three according to the 
genetic code. 

To initiate translation, a small ribosomal subunit binds to the mRNA molecule 
at a start codon (AUG) that is recognized by a unique initiator tRNA molecule. A 
large ribosomal subunit binds to complete the ribosome and begin the elongation 
phase of protein synthesis. During this phase, aminoacyl tRNAs—each bearing a 
specific amino acid bind sequentially to the appropriate codon in mRNA by forming 
complementary base pairs with the tRNA anticodon. Each amino acid is added to the 
C-terminal end of the growing polypeptide by means of a cycle of three sequential 
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Figure 7-5 Six steps at which 
eucaryottc gene expression can be 
controlled. Controls that operate at 
steps I through 5 are discussed in .this 
chapter. Step 6. the regulation of protein 
activity, includes reversible activation or 
inactlvation by protein phosphorylation 
(discussed in Chapter 3) as well as 
irreversible inactlvation by proteolytic 
degradation (discussed in Chapter 6). 



Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to RNA to Protein 

If differences among the various cell types of an organism depend on the partic- 
ular genes that the cells express, at what level is the control of gene expression 
exercised? As we saw in the last chapter, there are many steps in the pathway 
leading from DNA to protein, and all of them can in principle be regulated Thus 
a cell can control the proteins it makes by (1) controlling when and how often a 
given gene is transcribed (transcriptional control) , (2) controlling how the RNA 
transcript is spliced or otherwise processed (RNA processing control), (3) 
selecting which completed mRNAs in the cell nucleus are exported to the cytosol 
and determining where in the cytosol they are localized (RNA transport and 
localization control), (4) selecting which mRNAs in the cytoplasm are translated 
by ribosomes (rranslational control), (5) selectively destabilizing certain mRNA 
molecules in the cytoplasm (mRNA degradation control), or (6) selectively acti- 
vating, inactivating, degrading, or compartmentalizing specific protein 
molecules after they have been made (protein activity control) (Figure 7-5). 

For most genes transcriptional controls are paramount. This makes sense 
because, of all the possible control points illustrated in Figure 7-5, only tran- 
scriptional control ensures that the cell will not synthesize superfluous interme- 
diates. In the following sections we discuss the DNA and protein components 
that perform this function by regulating the initiation of gene transcription. We 
shall return at the end of the chapter to the additional ways of regulating gene 
expression. 

Summary 

The genome of a cell contains in its DNA sequence the information to make many 
thousands of different protein and RNA molecules. A cell typically expresses only a 
fraction of its genes, and the different types of cells in multicellular organisms arise 
because different sets of genes are expressed. Moreover, cells can change the pattern 
of genes they express in response to changes in their environment, such as signals 
from other cells. Although, all of the steps involved in expressing a gene can in prin- 
ciple be regulated, far most genes the initiation of RNA transcription is the most 
. important point of control 



DNA-BINDING MOTIFS IN GENE REGULATORY 
PROTEINS 

How does a cell determine which of its thousands of genes to transcribe? As 
mentioned briefly in Chapters 4 and 6, the transcription of each gene is con- 
trolled by a regulatory region of DNA relatively near the site where transcription 
begins. Some regulatory regions are simple and act as switches that are thrown 
;oy a single signal. Many others are complex and act as tiny microprocessors, 
responding to a variety of signals that they interpret and integrate to switch the 
neighboring gene on or off. Whether complex or simple, these switching devices 
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occur in the germ line, the cell lineage that gives rise to sperm or eggs. Most of 
the DNA in vertebrate germ cells is inactive and highly methylated. Over long 
periods of evolutionary time, the methylated CG sequences in these inactive . 
regions have presumably been lost through spontaneous deamination events 
that were not properly repaired. However promoters of genes that remain active 
in the germ cell lineages (including most housekeeping genes) are kept 
unmethylated, and therefore spontaneous deaminations of Cs that occur with- 
in them can be accurately repaired. Such regions are preserved in modern day 
vertebrate cells as CG islands. In addition, any mutation of a CG sequence in the 
genome that destroyed the function or regulation of a gene in the adult would be 
selected against, and some CG islands are simply the result of a higher than nor- 
mal density of critical CG sequences. 

The mammalian genome contains an estimated 20,000 CG islands. Most of 
the islands mark the 5' ends of transcription units and thus, presumably, of 
genes. The presence of CG islands often provides a convenient way of identify- 
ing genes in the DNA sequences of vertebrate genomes. 



Summary 

The many types of cells in animals and plants are created largely through mecha- 
nisms that cause different genes to be transcribed in different ceils. Since many 
specialized animal cells can maintain their unique character through many cell 
division cycles and even when grown in culture, the gene regulatory mechanisms 
involved in creating them must be stable once established and heritable when the 
cell divides. These features endow the cell with a memory of its developmental history. 
Bacteria and yeasts provide unusually accessible model systems in which to study 
gene regulatory mechanisms. One such mechanism involves a competitive interac- 
tion between two gene regulatory proteins, each of which inhibits the synthesis of the 
other, this can create a flip-flop switch that switches a cell between two alternative 
patterns of gene expression. Direct or indirect positive feedback loops, which enable 
gene regulatory proteins to perpetuate their own synthesis, provide a general mech- 
anism for cell memory. Negative feedback loops with programmed delays farm the 
basis for cellular clocks. 

In eucaryotes the transcription of a gene is generally controlled by combinations 
of gene regulatory proteins. It is thought that each type of cell in a higher eucaryotic 
organism contains a specific combination of gene regulatory proteins that ensures 
the expression of only those genes appropriate to that type of cell A given gene regu- 
latory protein may be active in a variety of circumstances and typically is involved 
in the regulation of many genes. 

In addition to diffusible gene regulatory proteins, inherited states of chromatin 
condensation are also used by eucaryotic cells to regulate gene expression. An espe- 
cially dramatic case is the inactivation of an entire X chromosome in female mam- 
mals. In vertebrates DNA methylation also functions in gene regulation, being used 
mainly as a device to reinforce decisions about gene expression that are made ini- 
tially by other mechanisms. DNA methylation also underlies the phenomenon of 
genomic imprinting in mammals, in which the expression of a gene depends on 
whether it was inherited from the mother or the father. 
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Figure 7-86 A mechanism to explain 
both the marked overall deficiency 
of CG sequences and their clustering 
into CG islands in .vertebrate 
genomes. A black line marks the location 
of a CG ^"nucleotide in the DNA 
sequence, while a red "lollipop" indicates 
the presence of a methyl group on the 
CG dinucleotide. CG sequences that lie in 
regulatory sequences of genes that are 
transcribed in germ cells are unmethylated 
and therefore tend to be retained in 
evolution. Methylated CG sequences, on 
the ofher hand, tend to be lost through 
deamination of 5-methyl C toT, unless the 
CG sequence is critical for survival. 



POSTTRANSCRIPTIONAL CONTROLS 

In principle, every step required for the process of gene expression could be 
controlled. Indeed, one can find examples of each type of regulation, although 
any one gene is likely to use only a few of them. Controls on the initiation of 
gene transcription are the predominant form of regulation for most genes. But 
other controls can act later in the pathway from DNA to protein to modulate 
the amount of gene product that is made. Although these pdsttranscriptional 
controls, which operate after RNA polymerase has bound to the gene's promoter 
and begun RNA synthesis, are less common than transcriptional control for 
many genes they are crucial. ' 
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Discordant Protein and mRNA Expression in 
Lung Adenocarcinomas* 
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The relationship between gene expression measured at 
the mRNA level and the corresponding protein level Is not 
well characterized In human cancer. In this study, we 
compared mRNA and protein expression for a cohort of 
genes In the same lung adenocarcinomas. The abun- 
dance of 165 protein spots representing 98 individual 
genes was analyzed In 76 lung adenocarcinomas and nine 
non-neoplastic lung tissues using two-dimensional poly- 
actyfamlde gel electrophoresis. Specific polypeptides 
were Identified using matrix-assisted laser deaorptionV 
Ionization mass spectrometry. For the same 85 samples, 
mRNA levels were determined using oligonucleotide ml- 
croarmys, allowing a comparative analysis of mRNA and 
protein expression among the 165 protein spots. Twenty- 
eight of the 165 protein spots (17%) or 21 of 98 genes 
(21.4%) had a statistically significant correlation between 
protein and mRNA expression (r > 0.2445; p < 0.06); 
however, among all 165 proteins the correlation coeffi- 
cient values {t) ranged from -0,467 to 0442. Correlation 
coefficient values were not related to protein abundance. 
Further, no significant correlation between mRNA and 
protein expression was found (r = -0,025) If the average 
levels of mRNA or protein among all samples were applied 
across the 165 protein spots (98 genes). The mRNA/ 
protein correlation coefficient also varied among pro- 
teins with multiple isoforms, Indicating potentially sep- 
arate Isof orm-speclflc mechanisms for the regulation of 
protein abundance. Among the 21 genes with a signifi- 
cant correlation between mRNA and protein, five genes 
differed significantly between stage I and stage III lung 
adenocarcinomas. Using a quantitative analysis of mRNA 
and protein expression within the same lung adenocarci- 
nomas, we showed that only a subset of the proteins 
exhibited a significant correlation with mRNA abundance. 
Molecular & Cellular Proteomlcs 1:304-313, 2002. 



Lung cancer Is the leading cause of cancer death for both 
men and women In the United States. Adenocarcinomas of 
the lung comprise -40% of all new cases of non-small cell 
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lung cancer and are now the most common histologic type. 
Functional genomics, broadly defhed as the comprehensive 
analysis of genes and their products, have become a recent 
focus of the life sciences (1). Application of these approaches to 
lung adenocarcinomas has the potential to aid In the identifica- 
tion of high risk patients with resectable early stage King cancer 
that may benefit ton adjuvant therapy, as well as to Identify 
new therapeutic targets. In human lung cancer, however, little Is 
currently understood regarding the relationship between gene 
expression as determined by measuring mRNA levels and the 
corresponding abundance of the protein products. 

A number of powerful techniques for analysis of gene ex- 
pression have been used including differential display (2), 
serial analysis of gene expression (3), DNA mlcroarrays (4), 
and pmteomlcs via two-dimensional polyacrytamlde gel elec- 
trophoresis and mass spectrometry (5). Blolnformatlcs tools 
have also been developed to help determine quantitative 
mRNA/protein expression profiles of afl types of cells and 
tissues (6) and now can be appHed to benign and malignant 
tumors. DNA mlcroarrays (cDNA and oligonucleotide) permit 
the parallel assessment of thou sands of genes and have been 
utilized In gene expression monitoring (7), polymorphism anal- 
ysis (8), and DNA sequencing (g), Recent studies have fo- 
cused on classification or Identification of subgroups of lung 
tumors using DNA mlcroarrays. (10, 11), The use of mRNA 
expression patterns by themselves, however, is Insufficient for 
understanding the expression of protein products, as addi- 
tional post-tmnscriptlonal mechanisms, including protein 
translation, post-translatlonaJ modification, and degradation, 
may Influence the level .of a protein present In a gh/en ceil or 
tissue. Proteomlc analyses, a complementary technology to 
ONA mteroarrays for monitoring gene expression, involves 
protein separation and quantitative assessment of protein 
spots using 2D^PAGE and protein Identification using mass 
spectrometry. By combining proteomlc and transcriptional 
analyses of the same samples, however, It may be possible to 
understand the complex mechanisms Influencing protein ex- 
pression in human cancer. 

In this study, we determined mRNA and protein levels for 
165 proteins (98 genes) In 78 lung adenocarcinomas and nine 



'The abbreviations used are: 2D, two-dimensional; MALDI-MS, 
matrix-assisted laser desorptlorvlonlzatlon mass spectrometry. 
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Protein and mRMA Correlation In Lung Adenocarcinomas 



Table I 

Correlation coefficients of protein and mRNA where only one spot was present on 2D gefa 
i 4 , correlation coefficient value > 0.2445; p < 0.05. Values In boldface are significant at p < 0.05. 



Spot 




Gene name 


r* 


' 1104 


Hs.184510 


SFN 


04337 


0994 


He.77840 


ANXA4 


04219 


1314 


Hs.10958 


DJ~1 
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Glutathione S-iransferase homolog (GST homdog) 
Nm23 (NDPKA) 
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FIFO-type ATP synthase aubuntt d 
Huntlngttn Interacting protein 2 (HIP2) 
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Urokinase plasminogen activator 
P 1 galactosyl transferase 
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Nuclear chloride channel (RNCC protein) 
Pulmonary euriaotant protein D 
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Heat shock cognate protein. 71 kDa 
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Table h- continued 


Spot 


Unlgene 


Gene name 




Protein name 


0278 
T769 
0089 
2611 
1ft9 
1138 
2633 


Hs.4112 

Hs.3614 

Ha.74335 

Ha.153179 

Ha.16486 

Hs^01961 

Ha.7706O 


TCP1 

NPM1 

H8POB 

FABP5 

CALR 

QSTM4 

PSMB6 


-0.1237 
-0.1738 
-0.2049 
-0.2109 
-0.2344 
-0.2438 
-0.2512 


T-compiex protein I, a subuntt 

B23/humati1n 

HspOO 

E-FABP/FABP5 
Cairetlcufln 32 

Glutathione S-transferaae M4 (QST m4) 
Macropaln aubunrt A 



nonneoplastic lung tissues. Protein levels were detemilned 
using quantitative 2D-PAGE analysis, and the separated pro- 
tein polypeptides were Identified using matrix-assisted laser' 
desorptlon/Ionizatlon mass spectrometry (MALD1-MS). The 
corresponding mRNA levels for .the Identified proteins within 
the same samples were determined; using oligonucleotide 
mlcmarrays. Correlation analyses showed that protein abun- 
dance Is likely a reflection of the transcription for a subset of 
proteins, but translation and post-translatlonal modifications 
also appear to Influence the expression levels of many Indi- 
vidual proteins fri lung adenocarcinomas. 

BCPEWMENTAL PROCEDURES 
7fesues-Fmy.seven stage I and 19 stage III lung adenocarcino- 
mas, as weR as nine norwieoplastlo lung tissue samples, were used 
for protein and mRNA analyses. Patient consent was obtained, and 
the project was approved by the Institutional Review Board. AH tis- 
sues were obtained after resection at the University of Michigan 
Health System between May 1991 end July 19SS. Tissues were ail 
snap-frozen In liquid nitrogen and then stored at -80 °C. The patients 
Included 46 females and 30 males tanging in age from 40.9 to 84 6 
(average 63.8) years, Most patients <6&78) demonstrated a positive 
smoking history. Sixty-one tumor samples were classified as bron- 
chial-derived, 14 were classified as bronchoalveolar, and one had 
both features. Eighteen tumor samples were classified as well differ- 
entiated, 38 were classified as moderate, and 19 were classified as 
poorly differentiated adenocardrwrnas. Hematoxylln-stalned cryostat 
sections (5 pm), prepared from the same tumor pieces to be utilized 
for protein and mRNA Isolation, were evaluated by a pathologist and 
compared with hematoxylin- and eosln-stalned sections made from 
paraffin blocks of the same tumors. Specimens were excluded from 
analysis If they showed unclear or mixed histology (e.g. adenosqua- 
mous), tumor oeQulartty less than 70%, potential metastatic origin as 
Indicated by previous tumor history, extensive lymphocytic Infiltration, 
or fibrosis or If the patient had received prior chemotherapy or 
radiotherapy. 

Oligonucleotide Amy Hybrtdimton-tke HuGeneFL oligonucleo- 
tide arrays (Afrymetnx, Santa Clara, Gty containing 6800 genes were 
used In mis study. Total RNA was Isolated from all samples using 
Trteol reagent (Irivftrogen). The resulting RNA was then subjected to 
further purification using RNeasy spin columns (Qiagen). Preparation 
of cRNA, hybridization, and scanning of the HuGeneFL arrays were 
performed according to the manufacturer's protocol (Affymefrix, 
Santa Clara, CA). Data analysis was perfoimed using GeneCWp 4.0 
software. The gene expression profile of each tumor was normalized 
to the median gene expression profile for the entire sample. Details of 
data trimming and normalization are described elsewhere (1 1). 

and Quantitative Protein Anajys/s-Tlssue for both pro- 
tein and mRNA isolation came from contiguous areas of each sampte. 
Protein separation using 2D-PAGE, silver staining, and digitization 



were performed as described previously (12, 13). Our 2D -PAGE sys- 
tem allows us to run 20 gels at one time (one batch). Spot detection 
and quantification were accompashed utilizing Bio Image visage Sys- 
tem software (Bioimage Corp,. Ann Arbor, Mi). The integrated Inten- 
sity of each spot was calculated as the measured optical density 
units x mm 3 . Of the total possible 2000 spots detectable on each gel 
820 spots on the gel of each sample were matched using a GeJ-ed 
match program with the same spots on a chosen "master gel In 
each sample, 260 ubiquitously expressed reference spots were used 
to adjust for variations between gels, such as that created by subtle 
differences In protein loading or gel staining. Slight differences be- 
cause of batch were corrected after spot-size quantlflcatioa 

Mass Spectrometry &nd 2D Western Blotting- Preparative 2D gels 
were run using extracts from A549 lung adenocarcinoma ceils (ob- 
tained from ATCC) and using the Identical experimental conditions as 
the analytica! 2D gels, except 30% more protein was loaded. The 
resolved protein gels were elhrer-stalned using successive- Incuba- 
tions En 0.02% sodium thlosurfaf e for 2 mln, 0A% silver nitrate for 40 
mto, and 0.01496 formaldehyde plus 2% sodium carbonate for 10 
rain. For protein Wentiffoatlon, protehpolypepades underwent trypsin 
digestion followed by MALDJ-MS using a MALDI-TOF Voyager-DE 
mass spectrometer (Perceptive Biosystems, Framlngham, MA). The 
masses were compared with known trypsin digest databases using 
the MS-FIT database (University of CaHfomla, San Francisco; 
prospector.uosto^ Some of the polypep- 

tides Included (n the analysis had been Identified prior to this study on 
the basis of sequencing (14). The identified protein spots used in this 
paper are shown In Rg. 1A The method for 2D-PAGE Western Wot 
vacation was as described previously (16). The 2D Western blots of 
?RP63 and Opts are shown In Rg. 1, c and £; the others, such as 

• ? i J 6RP7 *' HSP70 ' H* 07 * K*™, KRT19, Vlmentf^ 
ApoJ. 14^3, Annexin I, Annexln II, PGP9.6, DJ-1, GST-pi, and 
PQAM, are described elsewhere. 8 

Steteoca/ >v?a^k-Missing values were replaced with the mean 
value of the protein spot The transform x log (1 + x) was applied 
toiwrmalize afl protein expression values. The relationship between 
protein and mRNA expression levels within the same samples was 
examined using the Spearman correlation coefficient analysts (16); To 
Identify potentially significant correlations between gene and protein 
expression, we used an analytical strategy similar to SAM fetonlfl- 
cance analysis of microairays) (17), which uses a permutation tech- 
nique to determine the significance of changes In gene expression 
between different biological states. To obtain permuted correlation 
coefficients between gene and protein expression, genes were ex- 
changed first in such a way that permutated correlation coefficient 
were calculated based on pseudo pairs of genes and proteins. The 
attribution of permutated correlation coefficients became stable after 
60 permutations. This procedure was then repeated 60 times to 
obtain 60 sets of permutated correlation coefficients. For each of the 
60 permutations, the correlations of genes and proteins were ranked 

* Chsn etoi., submitted for publication. — — 
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r\ correlation 



Spot 



Table II 

CorniBtlon coefficients of protein and mRNA where multiple Isoforms were present on 2D gels 
coefficient value > 0,2445; p < 0.05, Values In boldfaoe are significant at p < 0.05 



1484 

0957 

0353 

0855 

1198 

1203 

0523 

1492 

1493 

1181 

0439 

0505 

0593 

1874 

0935 

2624 

2324 

1192 

0350 

0992 

0861 

0853 

2503 

0381 

0371 

1179 

0762 

0760 

2606 

0772 

0723 

1239 

1237 

1234 

0428 

0427 

0424 

0863 

0780 

1527 

1484 

1728 

1712 

0947 

1232 

1229 

1595 

1810 

1459 

1468 

0619 

0815 

1250 

0549 

0338 



0331 
2381 



umgene 


Gene name 


H6.81916 


LAP 18 


He.77899 


TPM1 


H3J289101 


QBP68 


Hs.169476 


QAPD 


H8.41707 


HSP03 


Ns.83848 


7PI1 


83,65114 


KRT18 


Hs.81915 


LAP18 


Hs.81915 


LAP18 


Hs.78225 


nivxn I 


Hs242463 


kRTfi 


HSJ297763 


VIM 
vwvi 


Hs297753 


VIM 


Hs.75313 


AdRIRI 

Misnitn 


Hs.75544 


VU/UALf 

ivvn/vi 


H8.76225 




Ha 65114 


INnllo 


H8.41707 


UQPC|4 


Hs289101 


lanrDo 


Ha 75313 




Ha 75313 


/wilts 1 


Hs 75313 


AVD1 QH 


Hs 76392 

noi/ wot 


A I IMJ* 
ALUrH 


Hs 76392 


MuUrfl 


Ha.76302 


ai nui 


Hs.78225 


AMVA1 


Ha.78225 


AMYAi 


Ha.78225 


ANXA1 


Ha.2 17493 




Ha.217493. 


ANXA2 


H8.217493 


ANXA2 


Ha.93194 


APOA1 


Hs.93194 


APOA1 


Hs.93194 


AP0A1 


Hs25 


ATP5B 


Hs2S 


ATP5B 


Hs26 


ATP5B 


Ha76106 


CLU 


Hs.75106 


CLU 


Ha.119140 


EIF5A 


He.1 19140 


E1F6A 


He.6241 


FABP1 


He.5241 


FABP1 




QAPD 


Ha.75207 


GU01 


Ha.75207 


QL01 


Hs.158300 


HAP1 


Ha.76990 


HP 


Ha,75990 


HP 


Ha.75900 


HP 


Hs.75990 


HP 


Hs.75990 


HP 


Hs.41707 


HSPB3 


Ha.79037 


HSP01 


Ha.79037 


HSP01 


Ha.79037 


HSP01 


Hs.79037 


HSPD1 


Hs.65114 


KRT18 


Ha.65114 


KRT18 



Protein 



04003 



0,3802 
0.3693 



0.3395 
0.3335 
0.3234 
0.3164 
0.3102 
0.304* 



0.2809 
02700 
02776 
02612 
02601 
01, 8 66 8 
02S16 
-02460 
0.0761 
-0.0875 
-0.0565 
—0.0371 
-0.0680 
02052 
-0.0739 
-0.0228 
02223 
' 02080 
0.0701 
0.1133 
-0.0373 
-0.0894 
0.0080 
0.0122 
-0,0992 
-0.0483 
-0.0443 
-0.0726 
-0.0376 
-0M916 
-0,0473 
0.1745 
02249 
0.0450 
-0.0137 
-04672 
0.0802 
-0.0305 
0.0461 
-0.0034 
-0.1024 • 
Q-1074 
0.2265 
0.1383 
0.1603 
0.2016 
0.1106 



0P18(Stathmln) 
Tropomyosins 1-6 

Protease disulfide laomaraaa (GRP58) 
Glyceraldehyde-3-phosphate dehydrogenase 
Hsp27 

Trloae phosphate Isomerase (TPO 

Cytokemtln 16 

0P18 (Stathmln) 

0P18 (StathmJn) 

Annexln variant I 

Cytokeratln 8 

Vlmentln 

VImenfln 

Aldose reductase 
14-3-3 1, 
Annexln J 
Cytokemtln 18 
Hsp27 

Phosphc lipase O (GRP68) 
Aldose reductase 
Aldose reductase 
Aldose reductase . 
Aldehyde dehydrogenase 
Aldehyde dehydrogenase 
Aldehyde dehydrogenase 
Annexln variant I 
Annexln I 
Annexln I 

Upocotin (annexln II) 
Upocotln {annexln II) 
Upocotin 

Apollpoproteln A1 (ApoA1) 

AjboflpoprotelnA1(ApoA1) . 

Apoflpoprotein A1 (ApoAl) 

ATP synthase p subunft precursor 

ATP synthase 0 subunft precursor 

ATP synthase p subunft precursor 

ApoHpoproteln J (Apoj) 

Apollpoproteln J (ApoJ) 

eDF-5A 

elF-5A 

L-FABP 

L-FABP 

Glyoemldehyde-3-phosphate dehydrogenase 

QfyoxalaseH 

GryoxaJase-1 

Hunttngth-assodated protein 1 (neuroan 1) 

a-HaptogloWn 

«-Haptogk>Wn 

^-Haptoglobin 

B-haptoglobln 

B-haptoglobln 

Hsp27 

Hsp60 

Hsp60 

HspOO 

HspGO 

Cytokemtln 16 
Cytokeratln 18 
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Table (J— continued. 

Correlation coefficients of protein and mRNA where multiple Isofbrms were present on 2D gels 
i*, correlation coefficient value > 0.2446; p < 0,05. Values In boldface are significant at p < 0.05. 



Spot 


Unlgene 


Gene name 


r* 


0529 


H8.65114 


KRT18 




0528 


H$.65114 


KRT18 


00414 


0527 


Hs.85114 


KRT18 


0 0436 


0514 


H8.65114 


KRT18 




0461 


Hs.242463 


KRTfl 
ivnio 


— n 0111 


0446 


Hs.242463 


KRT8 


ft (\OA7 


0444 


Hs.242463 


KRTfl 

i\rtio 


— U.lO 1 1 


0443 


Ha $42463 




0,0942 


1468 


Ha 81915 


1 APIA 




0321 


H& 7fififi5 


. rlnD 


— 0.0546 


0320 


ntt./oooo 


DiUQ 


-0.0041 


1063 




DUR 

r no 


A f>A A* 

0.0441 


0837 


Ha 75323 


PUR 
r HP 


0,1402 


0326 


Ha dfi7fi&1 




ft A«vy? 
— 0.02Z7 


0322 


Ha 9Q7ftP1 


ofcnr I PvVI 


-0.0277 


0241 


Ha£d7ftfi1 


QCDDIM&1 

otnrlNAl 


ft A-4 JO 

-0.0148 


1280 


Ha 301954 


C»r I r/V 1 


ft -4 vlOO 

-0,146c 


1278 


na.OU I £9*1 


OCTDA4 


-0.2040 






INN 11 


0.1162 


0778 


Ho 


inn n 


0,0740 


1213 


Ho RAAAR 


TDM 

Trll 


ft Aftfl A 

0.0024 


l& IV 


Uq QQD/jO 

rt3.aoo*Kj 


TBI 4 
TPI1 


0.0490 


1507 




TOM 

Trll 


-0.1616 


1204 


H$,$3846 


TPI1 

.i n t 




1202 


He.83848 


TPI1 


0.0721 


1161 


He.83848 


TPI1 


0.2266 


1062 


Ha.77899 


TPM1 


-0.1040 


1039 


Hs.77899 


TPM1 


-0.2899 


1035 


Ha.77899 


TPM1 


-0.3821 


0783 


Ha.77899 


TPM1 


0.0757 


1574 


Hs.194366 


TTR ■ 


-0.0065 


0809 


Ka.194366 


TTR 


0.0399 


2202 


H3.76118 


UCHL1 


-0.0£20 


1246 


Ha.76118 


U0HL1 


-0.1261 


1242 


Hs.76118 


UCHL1 


0,1473 


0606 


Hs.297753 


VIM 


0.0951 


0594 


Hs.297753 


VIM 


-0.2684 


0508 


Hs.297753 


VIM 


0.1008 


0419 


Hs.207763 


VIM 


0.0032 


1279 


Hs.75544 


YWHAH 


0.0059 



Protein name 



. Cytokeratln 18 
Cytokeratln 18 
Cytokeratln 18 
Cytokeratln 18 
Cytokeratln 8 
Cytokeratln 8 
Cytokeratln 8 
Cytokeratln 8 
0P18(Stathrnln) 
PDI (praty-4-OH-B) 
PDI (proty~4-OH-B) 
ProhfbWn 
ProhfbWn 
tf-1-AnMripsln 
a-T-AntitrlpsIn 
tt-1-Antftrtpaln 

Pulmonary eutfactant-assoclated protein 
Pulmonary sufeotant-assoclated protein 
Troponin T 
Troponin T 

Trlose phosphate teomerase (TPI) . 
Trfose phosphate taomeraee (TPI) 
Trlose phosphate lapmerase (TPI) 
Trlose phosphate isomerase (TPI) 
Trlose phosphate Isomerasa (TPI) 
Trlose phosphate l&omerase (TPI) 
Tropomysln dean-product 
CytosketetaJ tropomyosin 
Tropomyosin 
Tropomyosins 1-6 



Transthyretin muftJmere . 

Ublqultln carboxyl-termlnal hydrolase Isozyme L1 

Ublqultln cafboxyl-terrnlnai hydrolase Isozyme L1 

UblquWn cwboxyl-terrnlnal hydrolase Isozyme L1 

Vlrnentin 

VImemln-denVed protein (vld4) 
Vlmentin-denVed protein (vld2) 
VlmentJn-denVed protein (vldl) 
14-3-3ii 



such that pjfi denotes the /Ih largest correlation ooefflctent for pth 
permutation. Hence, the expected correlation ooefflclent, p^ffl, was the 
average overthe 60 permutations, flrf) = 3*L 4 p^eO. A scatter plot of 
observed correlations (p(/)) versus the expected correlations Is shown In 
Fig. 20. For this study, we chose threshold A - 0.1 16 so that correlation 
would be considered significant If absolute value of difference between 
p« and pd!) was greater than the threshold. Twenty-nine (Including one 
. with observed correlation coefficient -0.4672) of 1 65 pairs of gene and 
protein expression were called significant in such criteria, and the 
permuted data generated an average of 6.1 falsely significant pairs of 
gene and protein expression. This provided an estimated false dis- 
covery rate (the percentage of pairs of gene and protein expression 
Identified by chance) for our data set. 

RESULTS 

Correlation of Individual Proteins and mRNA Expression 
within Each Ti/mor-We' have examined quantitatively 165 



protein spots on 2D gels representing 98 genes and com- 
pared protein levels with mRNA levels for a cohort of 85 lung 
aderiocardnoma^ 'and normal king samples. Of the 165 pro- 
tein spots. 69 proteins were represented by only one known 
spot on 2D gels for an Individual gene, whereas 96 protein 
spots showed .multiple protein products from 29 different 
genes. 2D Western blotting verified the proteins identified by 
mass spectrometry when specific antibodies were available. 
Spearman correlation coefficients of the proteins and their 
associated mRNA for each protein spot were generated using 
all 76 lung adenocarcinomas and .nine non-neoplastfc rung 
tissues (see Tables I and II, and see Figs. 1 and 2). The 
correlation coefficients ranged from -0.487 to 0.442 (Fig. 
'2£>). A total of 28 protein spots fc1 genes) were found to have 
a statistically significant correlation between expression of 
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1 A, digfU I taage of a sBver-etalned 2D-PAGE separation of a stage I lung adenocarcinoma showing protein spots separated by 
mofeaitar i™ flW «d IsoeJecWc pott (P/). Twenty-elght protein spots whose session levels am correlator, m^abuKeare 
tmflcated by the Wac* arrows. 0, the outlined areas of A showing protein GRP68. C, 2D Western blot of GRP58 from the A549 lung 
adenocarcinoma cell line. D. the outlined areas at A showing the. protein isoforms of Op18. E, 20 Western blot of Op18 from MtShT 



their protein and mRNA (r > 0.2445; p < 0.05). This accounts 
for 17% (28/165) of the 165 protein spots. Among the 69 
genes for which only a single protein spot was known (Table 
I), nine genes (0/69, 13%) were observed to show a statisti- 
cally significant relationship between protein and mRNA 
abundance (r > 0.2445; p < 0.05). The proteins whose ex- . 
presslon levels were correlated with their mRNA abundance 
included those involved In signal transduction, carbohydrate 
metabolism, apoptosts, protein post-translationaJ modifica- 
tion, structural proteins, and heat shock proteins (Table III). 

Individual Isoforms of the Same Protein Have Different 
Proteln/mRNA Correlation Coefficients— Of the 165 protein 
spots, 96 represent protein products of 29 genes with at least 
two Isoforms. Among these 98 protein spots, 19 (19/96 pro- 
tein spots, 20%) showed a statistically significant correlation 
between their protein and mRNA expression it > 0.2445; p < 
0.05) (Table lQ and represented 12 genes (12/29, 41%). Individ- 
ual Isoforms of the same protein demonstrated different 
protein/mRNA correlation coefficients. For example, 2D-PAGE/ 
Western analysis revealed four Isoforms of OP18 differing In 
• regards to Isoelectric poht but similar In molecular weight. 
Three of the four Isoforms (spots 1492, 1493. and 1494) showed 
a statistically significant correlation between their protein and 
mRNA abundance (r = 0.3234, 0.3154, and 0.4003, respective- 
ly). The forth feoform (spot 1488) showed no correlation be- 



tween protein and mRNA expression (r = 0.04951. Similarly, just 
one of five quantified isoforms of cytokeratin 8 (spot 439) dem- 
onstrated a statistically significant correlation between protein 
and mRNA abundance j[r = 0.3049; p < 0.05) (Table II). 
, In addition to differences In th^ relationship between mRNA 
levels and protein expression among separate Isoforms, some 
genes with very comparable mRNA levels showed a 24-fold 
difference In their protein expression. Genes with comparable 
protein expression levels also showed up to a 28-fold vari- 
ance in their mRNA levels. 

Lack of Correlation for mRNA and Protein Expression when 
Using Average Tumor Values across All 165 Protein Spots (98 
Qenes)-~The relationship between mRNA and protein expres- 
sion was also examined by using the average expression 
♦values tor ail samples. To analyze this relationship using this 
approach, the average value for each protein or mRNA was 
generated using all 85 lung tissue samples. The range of 
normalized average protein values ranged from -0.0646 to 
0.0979 (raw value 0.0036 to 4.1947), and the range for mRNA 
was from Oto 15260^ for all 165 Individual protein spots. The 
Spearman correlation coefficient for the whole data set (166 
protein spots/98 genes) was -0.025 (Fig. ZA). Even for the 28 
protein spots (Fig. 20) that were found to have a statistically 
significant correlation between their mRNA and protein, use of 
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Re. 2/ A-C, plots showing the correlation between mRNA and protein for the three selected genes Op1 8, Annexin IV andGAPDtoreli 7B 
Jung edenocarolnomae and nine norwmplBstlo lung samples (d < 0.05). 0, distribution of all 165 Sw£™ 

o^rSeT^^ 

outer range of threshold A « 0.1 16. Normalized protein values were used, thus negative values for some proteins are observed. 

the average value resulted In a correlation coefficient value of 
-0.035. which was not significant (Rg. 30). 

Lack of a Relationship between Pmteln/mRNA Correlation 
Coefficients and Average Protein Abundance-To determine' 
whether an absolute protein level might Influence the corre- 
lation wtth mRNA, the mean value of each protein (relative 
abundance) and the Spearman proteln/mRNA correlation co- 
efficients among all 85 samples were examined. No relation- 
ship between the protein abundance and the correlation co- 
efficients was observed (r = 0.039; p > 0.05). A detailed 
analysis of separate subsets of proteins with differing levels of 
abundance (less than -0.0014, larger than -0.0014, or larger 
than 0.0077) also showed a lack of correlation between mRNA 
and protein expression among the 83 (50%), 82 (50%), and 41 
(25%) of 165 total protein spots, respectively (r = 0.018, 0.08, 
and 0.172, respectively). 

Stage-related Changes In the Proteln/mRNA Correlation 
Coefficients*-^ determine whether the 21 genes (28 protein 
spots) showing a significant correlation between the protein 
and mRNA expression among all samples demonstrate 
changes In this relationship during tumor progression, the 
correlations were examined separately for stage I (n » 57) and 



_ 111 (n - 19) lung adenocarcinomas (Table 111). The num- 
ber of non-neoplastlc lung samples (n « 9) was Insufficient for 
a separate correlation analysis of this group. Many of the ' 
protein spots represent one of several known protein (soforms 
for a given gene- The majority of genes (16/21) did not differ in 
the proteln/mRNA correlation between stage I and stage Hi 
tumors Indicating a similar regulatory relationship between the 
mRNA and protein spot GRP-5B, PSMC, SODJ, TFI1, and 
VIM, however, were found to demonstrate significant differ- 
ences In the correlation coefficients between stage I and 
stage III lung adenocarcinomas. For GRP-58, PSMC, and VIM 
the change In the correlation coefficient was because of a 
relative Increase In protein expression In stage III tumors. For 
SOD and TPI the change resulted from a relative decrease h 
expression of this specttlc protein in stage 111 tumors. 

DISCUSSION 

Relatively little Is known about the regulatory mechanisms 
controlling the complex patterns of protein abundance and 
post-translatlonal modification In tumors. Most reports con- 
cerning the regulation of protein translation have focused on 
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r, correlation coefficient. Values 



TA*L£ HI 

Stage-dependant analysis of proteln-mRNA conBlatlon coefficients 
in boldface Indicate a significant difference between stage I and stage Iff. 





uene name 


r (Stage 1) 


r (Stage HQ 


1874 


AKR161 


0.269 


0,106 


?524 


ANXA1 


0.184 


0.572 


0994 


ANXA4 


0.660 


0.382 


0963 


ANXA5 


. 0.241 


0.390 


.1314 


DJ-1 


0.363 


0.354 


1405 


FTL 


0.128 


0.358 


0855 


GAPD 


0.243 


0.681 


0350 


GRP58 


0.327 


-0,087 


0264 


HNRPK 


0.360 


0.243 


1192 


HSPB3 


0*457 


0.633 


0523 


KRT18 


0.116 


0.371 


0430 


KRT8 


0.323 


0.438 
0.683 


1492 


LAPIS 


0.483 ■ 


1038 


LQALS1 


0.200 


0.628 


1252 


PSMC 


0.253 


0.060 


1104 


SFN 


0.466 


0,475 


1454 


SOD1 


0.352 


0.079 


1203 


TPI1 


0.378 


0.009 


. 0957 


TPM1 


0.476 


0.225 


0593 


VIM 


-0.054 


0.556 


0935 


YWHAH 


0.283 


0.210 



Function 



Carbohydrate metabolism: electron transporter 
Phoephollpase Inhibitor; eigne! transduction 
Phospholipaae Inhibitor 

Phoephonpaee Inhibitor; calcium binding; phospholipid binding 
3Ignal transduction 
Iron storage protein 

Carbohydrate metabolism (glycolysis regulation) 
Signal transduction; protein disulfide feomemse 
RNA^blndlng protein (RNA processing/modification) 
Heat shock protein 
Structure} protein 
Structure! protein 

Signal transduction; cell growth and maintenance 
Apoptosls: celt adhesion; ceil size control 
Protein degradation 

Signal transduction (protein kinase C Inhibitor) 

Oxldoreductase 

Carbohydrate metabolism 

Structural protein (muscle); control of heart 

Structural protein 

Signal transduction 



one or several protein products (18). Cells ef a!. (19) found a 
good correlation between transcript and protein levels among 
40 well resolved, abundant proteins using a proteomic and 
mlcroarray study of bladder cancer. By comparing the mRNA 
and protein expression levels within the same tumor samples, 
we found that 17% (28/1 65) of the protein spqte (21/98 genes) 
show a statistically significant correlation between mRNA and 
protein. These proteins appear to represent a diverse group of 
gene products and Include those involved In signal transduc- 
tion, carbohydrate metabolism, protein modfflcatton, cell struc- 
ture, heat shock, and apoptosls. "These results suggest that 
expression of this stiiset of 165 proteins Is likely to be regulated 
at the transcriptional level h these tissues. The majority of the 
protein teofbrms, however, did not correlate with mRNA levels, 
and thus their expression is regulated by other mechanisms. We 
also observed a subset of proteins that demonstrated a nega- 
tive correlation with the mRNA expression values; for example 
a-haptoglobh demonstrated a strong negative correlation with 
ita mRNA expression values* This may reflect negative feedback 
on the mRNA or the protein or the presence of other regulatory 
Influences that are not understood currently. 

Post-translatlonal modification or processing will result in 
individual protein products, of the same gene migrating to 
different locations on 2D-PAGE gels (20), Because the Identity 
of all possible isoforrns for each protein examined has not 
been characterized completely, this may Influence the corre- 
lation analyses performed in this study. This Is partly because 
of limitations of the 2D-PAQE and mass spectrometry tech- 
nologies (21, 22). Potential Inconsistencies between mRNA 
and protein correlations that have been reported may also be 
because of differences, even In the same gene, in the mech- 



anisms of protein translation among, different ceils or as 
measured In different laboratories (23). 

In this study, we examined 165 protein spots Identified in 
lung adenocarcinomas. Ninety-six protein spots, representing 
the products of 29 geries, contained at least two protein 
isoforrns. Nineteen of 96 protein spots, representing 12 
genes, were shown to have a statistically significant correla- 
tion between their protein and mRNA expression, suggesting 
that the levels of these proteins reflects the transcription of the 
corresponding genes. Differences In proteln/mRNA correlations 
Were found among the Individual Isofbrms of a given protein. For 
example, of thefourOP18 boforms, three showed a statfsticaSy 
significant correlation between the protein and mRNA expres- 
sion levels. The lack of relationship for the one teoform, how- 
ever, Indicates that Individual protein isoforrns of the same gene 
product can be regulated differentially. This Is not unexpected 
and Bkely reflects other post-transtational mechanisms that can 
Influence teoform abmdance In tissues and cancer. 

In addition to the analyses of the correlation of mRNA/ 
protein within the same tumor samples, we also tested the 
global relationship between mRNA and the corresponding 
protein abundance across ail 165 protein spots In the lung 
samples. A protein and mRNA average value for each gene 
was generated using all 85 lung tissues samples. We ob- 
served a very wide range of normalized average protein and 
mRNA values. The correlation coefficient generated using this 
average value data aet was -0.025, and even for the 28 
protein spots that showed a statistically significant correlation 
between Individual mRNA and proteins, the correlation value 
was only -0.035. This suggests that It is not possible to 
predict overall protein expression levels based on average 
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Ra3. The overall correlation of 
mRNA and prototn levels across all 
165 protein spots (4) and across 28 
protein spots that contained Individ- 
ual r values larger tfcan 0.244 (8) am 
shown. Each protein or mRNA mean 
value was calculated baaed on aO 76 
lung adenocarcinomas and nine non- 
neoplastic lung samples using quantita- 
tive 2D -PAGE and Afrymetrbc oligonu- 
cleotide mlctoarraya, The Spearman 
correlation coefficients for the two data 
sets (4 and £0 were -0,025 and -0.035, 
respectively* Indicating a lack of correla- 
tion If mean values for mRNA and protein 
for ail samples Is used 
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mRNA abundance In lung cancer samples. This conclusion is 
also supported by previous results from Anderson and Seil- 
hamer (24), who examined 19 genes In human liver cells, and 
by Qygl ef a/. (25), who examined 106 genes in yeast Both 
studies found a lack of correlation between mRNA and protein 
expression when average or overall levels were. used. 

A good correlation was reported when the 11 most abun- 
dant proteins were examined In yeast (25), suggesting that the 
level of protein abundance may be a factor that may influence 
the correlation between mRNA and protein. In the present 
study, a fairly wide range of mean protein values among 165 
protein spots in lung adenocarcinomas was observed, and 
the correlation coefficients also varied from -0.467 to 0.442. 



A comparison between trie mean value of each protein and 
the correlation coefficient generated using ail 85 tissue sam- 
ples did not reveal a strong relationship between the overall 
protein abundance and the correlation coefficients (r « 0.039; 
p > 0.05). Detailed analysis of different subsets of protein abun- 
dance also failed to show a correlation between mRNA and 
protein expression. Thus In contrast to yeast, a relationship 
between mRNA/ferotein correlation coefficierrt and protein 
abundance In human lung adenocardnornas was not observed 
The results of this study Indicate that the level of protein 
abundance In lung adenocarcinomas is associated with the 
corresponding levels of mRNA In 17% (28 proteins) of the 
total 165 protein spots examined This was substantially 
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higher than the amount predicted to result by chance alone 
(which was 5.1) and suggests that a transcriptional mecha- 
nism likely underlies the abundance of these proteins in lung 
adenocarcinomas. We also demonstrate that the expression 
of Individual isoforms of the same protein may or may not 
correlate with the mRNA, Indicating that separate and likely 
posMranslational mechanisms account for the regulation of 
Isofonn abundance. These mechanisms may also account for 
the differences In the correlation coefficients observed between 
stage I and stage III tumors, indicating that specific protein 
Isoforms show regulatory changes during tumor progression. 
Further studies In lung adenocarcinomas will examine the rela- * 
tlonsWp between the expression of individual protein isoforms 
and specific csllrtcahpathoioglcal features of these tumors, such 
as the presence of anglolymphatlc Invasion, and nodal or pleu- 
ral surface Involvement The potential to identify specific protein 
Isoforms associated with biological behavior In lung adenocar- 
cinomas would be of considerable interest and wSf add to our 
understanding of the regulation of gene products by transcrip- 
tional, translationai, and post-translational mechanisms. 
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t^cts. If these minor cell proteins differ among cells to the same extent as the 
Lore abundant proteins, as is commonly assumed, only a small number of pro- 
to differences (perhaps several hundred) suffice to create very large differences 
in cell morphology and behavior. 

A Cell Can Change the Expression of Its Genes 
in Response to External Signals 3 

Most of the specialized cells in a multicellular organism are capable of altering 
tkeir patterns of gene expression in response to extracellular cues. If a liver cell 
is exposed to a glucocorticoid hormone, for example, the production of several 
specific proteins is dramatically increased. Glucocorticoids are released during 
periods of starvation or intense exercise and signal the liver to increase the 
production of glucose from amino acids and other small molecules; the set of 
proteins whose production is induced includes enzymes such as tyrosine amino- 
transferase, which helps to convert tyrosine to glucose. When the hormone is no 
longer present, the production of these proteins drops to its normal level. 

Other cell types respond to glucocorticoids in different ways. In fat cells, for 
example, the production of tyrosine aminotransferase is reduced, while some 
other cell types do not respond to glucocorticoids at all. These examples illustrate 
a general feature of cell specializations-different cell types often respond in dif- 
ferent ways to the same extracellular signal. Underlying this specialization are 
features that do not change, which give each cell type its permanently distinc- 
tive character. These features reflect the persistent expression of different sets of 
genes. 

Gene Expression Can Be Regulated at Many of the Steps 
in the Pathway from DNA to RNA to Protein 4 

If differences between the various cell types of an organism depend on the par- 
ticular genes that the cells express, at what level is the control of gene expression 
exercised? There are many steps in the pathway leading from DNA to protein, and 
all of them can in principle be regulated. Thus a cell can control the proteins it 
makes by (1) controlling when and how often a given gene is transcribed (tran- 
scriptional control), (2) controlling how the primary RNA transcript is spliced or 
otherwise processed (RNA processing control), (3) selecting which completed 
mRNAs in the cell nucleus are exported to the cytoplasm (RNA transport con- 
trol), (4) selecting which mRNAs in the cytoplasm are translated by ribosomes 
(translatkmal control), (5) selectively destabilizing certain mRNA molecules in 
the cytoplasm (mRNA degradation control), or (6) selectively activating, inacti- 
vating, or compartmentalizing specific protein molecules after they have been 
made (protein activity control) (Figure 9-2). 

For most genes transcriptional controls are paramount. This makes sense 
because, of all the possible control points illustrated in Figure 9-2, only transcrip- 
tional control ensures that no superfluous intermediates are synthesized. In the 
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Figure 9-2 Six steps at which 
eucaryote gene expression can be 
controlled. Only controls that operate 
at steps 1 through 5 are discussed in 
this chapter. The regulation of protein 
activity (step 6) is discussed in 
Chapter 5; this includes reversible 
activation or inactivation by protein 
phosphorylation as well as 
irreversible inactivation by proteolytic 
degradation. 
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following sections we discuss the DNA and protein components that regulate the 
initiation of gene transcription. We return at the end of the chapter to the other 
ways of regulating gene expression. 
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Summary 

The genome of a cell contains in its DNA sequence the information to make many 
thousands of different protein and RNA molecules. A cell typically expresses only a 
fraction ofits genes, and the different types of cells in multicellular organisms arise 
because different sets of genes are expressed. Moreover, cells can change the pattern 
of genes they express in response to changes in their environment, such as signals from 
other cells. Although all of the steps involved in expressing a gene can in principle be 
regulated, for most genes the initiation of RNA transcription is the most important 
point of control 



DNA-binding Motifs in Gene 
Regulatory Proteins 5 

How does a cell determine which ofits thousands of genes to transcribe? As dis- 
cussed in Chapter 8, the transcription of each gene is controlled by a regulatory 
region of DNA near the site where transcription begins. Some regulatory regions 
are simple and act as switches that are thrown by a single signal. Other regula- 
tory regions are complex and act as tiny microprocessors, responding to a vari- 
ety of signals that they interpret and integrate to switch the neighboring gene on 
or off. Whether complex or simple, these switching devices consist of two fun- 
damental types of components: (1) short stretches of DNA of defined sequence 
and (2) gene regulatory proteins that recognize and bind to them. 

We begin our discussion of gene regulatory proteins by describing how these 
proteins were discovered. 
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Gene Regulatory Proteins Were Discovered Using 
Bacterial Genetics 6 

Genetic analyses in bacteria carried out in the 1950s provided the first evidence 
of the existence of gene regulatory proteins that turn specific sets of genes on 
or off. One of these regulators, the lambda repressor, is encoded by a bacterial 
virus, bacteriophage lambda. The repressor shuts off the viral genes that code for 
the protein components of new virus particles and thereby enables the viral ge- 
nome to remain a silent passenger in the bacterial chromosome, multiplying with 
the bacterium when conditions are favorable for bacterial growth (see Figure 
6-80). The lambda repressor was among the first gene regulatory proteins to be 
characterized, and it remains one of the best understood, as we discuss later. 
Other bacterial regulators respond to nutritional conditions by shutting off genes 
encoding specific sets of metabolic enzymes when they are not needed. The lac 
repressor, for example, the first of these bacterial proteins to be recognized, turns 
off the production of the proteins responsible for lactose metabolism when this 
sugar is absent from the medium. 

The first step toward understanding gene regulation was the isolation of 
mutant strains of bacteria and bacteriophage lambda that were unable to shut 
off specific sets of genes. It was proposed at the time, and later proved, that most 
of these mutants were deficient in protfeins acting as specific repressors for these 
sets of genes. Because these proteins, like most gene regulatory proteins, are 
present in small quantities, it was difficult and time-consuming to isolate them. 
They were eventually purified by fractionating cell extracts on a series of stan- 
dard chromatography columns (see pp. 166-169). Once isolated, the pro- 
teins were shown to bind to specific DNA sequences close to the genes that they 
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Figure 9-3 Double-helical structure 
of DNA. The major and minor grooves 
on the outside of the double heli* .arc 
indicated. The atoms are colored as 
follows: carbon, dark blue; nitrogen 
light blue; hydrogen, white; oxygen. 
red; phosphorus, yellow. 



404 Chapter 9 : Control of Gene Expression 



methylation of most 
CG sequences in 
germ Hne 



many millions of years 
of evolution 




I 



I 

VEBTf BRATC DNA 



-I 



1000 nucleotide pairs 



Figure 9-71 A mechanism to explain 
both the marked deficiency of CG 
sequences and the presence of CG 
islands in vertebrate genomes. A 
black line marks the location of an 
unmethylated CG dinucleotide in the 
DNA sequence, while a red line marks 
the location of a methylated CG 
dinucleotide. 
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Summary 

The many types of cells in animals and plants are created largely through mecha- 
nisms that cause different genes to be transcribed in different cells. Since many spe- 
cialized animal cells can maintain their unique character when grown in culture, the 
gene regulatory mechanisms involved in creating them must be stable once estab- 
lished and heritable when the cell divides, endowing the cell with a memory of its 
developmental history. Procaryotes and yeasts provide unusually accessible model 
systems in which to study gene regulatory mechanisms, some of which may be rel- 
evant to the creation of specialized cell types in higher eucaryotes. One such mecha- 
nism involves a competitive interaction between two (or more) gene regulatory pro- 
teins, each of which inhibits the synthesis of the other, this can create a flip-flop 
switch that switches a cell between two alternative patterns of gene expression. Di- 
rect or indirect positive feedback loops, which enable gene regulatory proteins to 
perpetuate their own synthesis, provide a general mechanism far cell memory. 

In eucaryotes gene transcription is generally controlled by combinations of gene 
regulatory proteins. It is thought that each type of cell in a higher eucaryotic organism 
contains a specific combination of gene regulatory proteins that ensures the expres- 
sion of only those genes appropriate to that type of cell A given gene regulatory pro- 
tein may be expressed in a variety of circumstances and typically is involved in the 
regulation of many genes. 

In addition to diffusible gene regulatory proteins, inherited states of chromatin 
condensation are also utilized by eucaryotic cells to regulate gene expression. In ver- 
tebrates DNA methylation also plays a part, mainly as a device to reinforce decisions 
ohoutgene expression that are made initially by other mechanisms. 



Posttranscriptional Controls 

Although controls on the initiation of gene transcription are the predominant 
form of regulation for most genes, other controls can act later in the pathway 
from RNA to protein to modulate the amount of gene product that is made. Al- 
though these posttranscriptional controls, which operate after RNA polymerase 
»as bound to the gene's promoter and begun RNA synthesis, are less common 
wan transcriptional control, for many genes they are crucial. It seems that every 
step in gene expression that could.be controlled in principle is likely to be regu- 
fcted under some circumstances for some genes. 

We consider the varieties of posttranscriptional regulation in temporal or- 
er | Wording to the sequence of events that might be experienced \>y an RNA 
Molecule after its transcription has begun (Figure 9-72). 
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Figure 9-72 Possible post- 
transcriptional controls on gene 
expression. Only a few of these 
controls are likely to be used for any 
one gene. 
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CHAPTER 29 



Regulation of transcription 



The phenotypic difiVretices that distinguish the 
various kinds or cells in a higher eukaryole are 
largely due to differences in the expression of 
genes lit at code for proteins, that is. those tran- 
scribed hy RXA polymerase II. In principle, the 
expression of these genes might he regulated at 
an v one of several stages. Tlte concepi of the 
-level of control" implies thai gene expression 
' js not necessarily an automatic process once it 
das begun. It could be regulated in a gene- 
specific way at any one or several sequential 
steps. We can distinguish (at least) live poten- 
tial control points, forming the series: 

Activation of gene structure 

I ' 
'Initiation of transcription ' 

I 

Processing the transcript 
I 

Transport, to cvtoj>lasm 
I 

Translation or mRXA 

The existence or the first step is implied by 
Ihe discovery thai genes may exist in either of 
two structural conditions. Relative to the state 
or most or the genome, genes are found in 
.an "active" state in the cells in which they 
are expressed (see Chapter 27). The change of 
structure is distinct from the act of transcrip- 
tion, and indicates that the gene is "transcrib- 
. able." This suggests that acquisition of ihe 
j "active" structure must be the first step in gene 
• expression. 

; Transcription of a gene in the active state is' 



controlled at the stage or initiation, that is, by 
the interaction of RXA polymerase with its pro- 
moter. This is now becoming susceptible lo 
analysis in the in vittv systems (see Chapter 
28). For most genes, this is a major control 
point: probably ii is the most common level of 
regulation. 

There is at present no evidence for control 
at subsequent stages of transcription in eukary- 
otic cells, for example, via antitermination 
mechanisms. 

The primary transcript is modified by capping 
at the 5' end, and usually also hy polyadenyla- 
tion at the 3' end. introns must he spliced out 
from the transcripts of interrupted genes. The 
mature UNA must he exported from, the nucleus 
to the cytoplasm. Regulation of gene expression 
by selection or sequences at the level of nuclear 
RXA might involve any or all of these stages, 
but the one for which we have most evidence 
concerns changes in splicing: some genes are 
expressed by means or alternative splicing pat- 
terns whose regulation controls the type of pro- 
tein product (see Chapter 30). 

Finally. Ihe translation of an mRNA in the cyto- 
plasm can be specifically controlled. There is little 
evidence for the employment of this mechanism in 
adult somatic cells. bu| it does occur in some 
embryonic situations, as described in Chapter 7. 
The mechanism is presumed to involve the block- 
ing or initiation of translation of some mRNAs by 
specific protein factors. 

But having acknowledged that control of gene 
expression can occur at multiple stages, and 
that production of RNA cannot inevitably be 
equated with production of protein, it is clear 
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that the overwhelming majority or regulatory 
events occur authe- initiation of transcription. 
Regulation of tissue-specific gene transcription 
lies at the heart of eukaryotic differentiation; 
indeed, we see examples in Chapter 38 in 
which proteins that regulate embryonic devel- 
opment prove to be transcription factors. A reg- 
ulatory transcription factor serves to provide 



common control of a targe number of target 
genes, and we seek to answer two questions 
about this mode of regulation: what identifies 
the common target genes to the transcription 
factor; and how is the activity of the transcrip- 
tion factor itself regulated in response to intrin- 
sic or extrinsic signals? 



Response elements identify genes under common 
regulation 



The principle that emerges from characterizing 
groups of genes under common control is that 
they share a promoter element that is recognized 
by a regulatory- transcription factor. An element 
that causes a gene to respond to such a factor 
is called a response element; examples are the 
HSE (heat shock response element), GRE 
(glucocorticoid response element), SRE (serum 
response element). 

The properties of some inducible transcription 
factors and the elements that they recognize are 
summarized in. Table 29*1. Response elements 
have the same general characteristics as 
upstream elements of promoters or enhancers. 
They contain short consensus sequences, and 
copies of the response elements found in dif- 
ferent genes are closely related, but not neces- 
sarily identical. The region bound by the factor 
extends for* a short distance on either side of 



Table 29.1 Inducible transcription factors bind to 
response elements that identify groups o! promoters 
or enhancers subject to coordinate control. 



Regulatory Agent Module Consensus 



Factor 



Heat shock HSE CNNGAANNTCCNNG HSTF 

Glucocorticoid GRE TGGTACAAATGTTCT Receptor 

Pnorbol ester TRE TGACTCA API 

Serum SRE CCATATTAGG SRF 



the consensus sequence. In promoters, the ele- 
ments are not present at fixed distances from 
the startpoint, but are usually <200 bp upstream 
of it. The presence of a single element usually 
Is sufficient to confer the regulatory response, 
but sometimes there are multiple copies. 

Response elements may be located in 
moters or in enhancers. Some types of element* 
are typically found in one rather than the otm^ 
usually an HSE is found in a promoter, while a 
GRE is found in an enhancer. We assume iW 
all response elements function by the san |f 
general principle. A gene is regulated by 
sequence at tlxe promoter or enhancer that * 
recognized by a specific protein. The P***** 
Junctions as a transcription factor needed fi^ 
RNA polymerase to initiate. Active prott-ffl 
available only under conditions when the, 
to be expressed; its absence means that the f 1 
moter is not activated by this particular circ** 

An example or a situation in which AjV 
genes are controlled by a single factor is t 
vided by the heal shock response. This is ^ 
mon to a vide range of prokary° leS j 
eukaryotes and involves multiple contro 
gene expression: an increase in lcin ^^ 4 >i» 
turns of! transcription of some genes, lu j n d 
transcription of the heat shock genes, ^ 
causes changes in the translation of ^^n* 
The control of the heat shock genes Q}f d 
the differences between prokaryotfc^ ^ 
eukaryotic modes of control In. bacteria. ^\ 
sigma factor is synthesized that 

direCtS alief 

polymerase holoenzyme to recognize fl0 - 




World Journal of Surgical Oncology 



O 



Bio Med Central 




Research 

Prostate stem cell antigen (PSCA) expression in human prostate 
cancer tissues and its potential role in prostate carcinogenesis and 
progression of prostate cancer 

Zhao Zhigang* 1 and Shen Wenlv 2 



Address: 'Department of Urology, Shantou University Medical College, Shantou, Cuangdong, China and ^Department of Urology, No 2. Affiliated 
Hospital of Shantou University Medical College, Shantou, Guangdong, China 

Email: Zhao Zhigang* - zgzhaodr@yahoo.com.cn; Shen Wenlv - wlshen99@hotmail.com 
• Corresponding author 



This article is available from: http://www.vvjso.eom/concew/2/l/l3 

© 2QCM Zhigang and Wenlv; licensee BtoMed Central Ltd. This is an Open Access article: verbatim copying and redistribution of this article are permitted 
in all media for any purpose, provided this notice is preserved along with the article's original URL 



Background: Prostate stem cell antigen (PSCA) is a recently defined homologue of the Thy-i/Ly-6 family of 
glycosylphosphatidylfnositol (GPI)-anchored cell surface antigens. The purpose of the present study was to 
examine the expression status of PSCA protein and mRNA in clinical specimens of human prostate cancer (Pea) 
and to validate it as a potential molecular target for diagnosis and treatment of Pea, 

Materials and Methods; Immunohistochemical (IHC) and in situ hybridization (ISH) analyses of PSCA 
expression were simultaneously performed on paraffin-embedded sections from 20 benign prostatic hyperplasia 
(BPH), 20 prostatic intraepithelial neoplasm (PIN) and 48 prostate cancer (Pea) tissues, including 9 androgen- 
independent prostate cancers. The level of PSCA expression was semiquantitatively scored by assessing both the 
percentage and Intensity of PSCA-positive staining cells in the specimens. Then compared PSCA expression 
between BPH, PIN and Pea tissues and analysed the correlations of PSCA expression level with pathological grade, 
clinical stage and progression to androgen -independence in Pea. 

Results: In BPH and low grade PIN, PSCA protein and mRNA staining were weak or negative and less intense 
and uniform than that seen in HGPIN and Pea. There were moderate to strong PSCA protein and mRNA 
expression In 8 of 1 1 (72.7%) HGPIN and in 40 of 48 (83.4%) Pea specimens examined by IHC and ISH analyses, 
with statistical significance compared with BPH (20%) and low grade PIN (22.2%) samples (p < 0.05, respectively). 
The expression level of PSCA increased with high Gleason grade, advanced stage and progression to androgen- 
independence (p < 0.0S, respectively). In addition, IHC and ISH staining showed a high degree of correlation 
between PSCA protein and mRNA overexpression. 

Conclusions: Our data demonstrate that PSCA as a new cell surface marker is overexpressed by a majority of 
human Pea. PSCA expression correlates positively with adverse tumor characteristics, such as increasing 
pathological grade (poor cell differentiation), worsening clinical stage and androgen-independence, and 
speculatively with prostate carcinogenesis. PSCA protein overexpression results from upregulated transcription 
of PSCA mRNA. PSCA may have prognostic utility and may be a promising molecular target for diagnosis and 
treatment of Pea. 
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Introduction 

Prostate cancer (Pea) is the second leading cause of can- 
cer-related death in American men and Is becoming a 
common cancer increasing in China. Despite recently 
great progress in the diagnosis and management of local- 
ized disease, there continues to be a need for new diagnos- 
tic markers that can accurately discriminate between 
indolent and aggressive variants of Pea. There also contin- 
ues to be a need for the identification and characterization 
of potential new therapeutic targets on Pea cells. Current 
diagnostic and therapeutic modalities for recurrent and 
metastatic Pea have been limited by a lack of specific tar- 
get antigens of Pea. 

Although a number of prostate-specific genes have been 
identified (i.e. prostate specific antigen, prostatic acid <* 
phosphatase, glandular kallikrein 2), the majority of these 
are secreted proteins not ideally suited for many immuno- 
logical strategies. So, the identification of new cell surface 
antigens is critical to the development of new diagnostic 
and therapeutic approaches to the management of Pea. 

Reiter RE et al ( 1 ] reported the identification of prostate 
stem cell antigen (PSCA), a cell surface antigen that is pre- 
dominantly prostate specific. The PSCA gene encodes a 
123 amino acid glycoprotein, with 30% homology to ^ 
stem cell antigen 2 (Sea 2). Like Sca-2, PSCA also belongs 
to a member of theThy-l/Ly-6 family and is anchored by 
a glycosylphosphatidylinositol (GPI) linkage. mRNA in 
situ hybridization (ISH) localized PSCA expression in nor- 
mal prostate to the basal cell epithelium, the putative 
stem cell compartment of prostatic epithelium, suggesting 
that PSCA may be a marker of prostate stem/progenitor 
cells. 

In order to examine the status of PSCA protein and mRNA 
expression in human Pea and validate it as a potential " 
diagnostic and therapeutic target for Pea, we used immu- 
nohistochemistry (IHC) and in situ hybridization (ISH) 
simultaneously, and conducted PSCA protein and mRNA 
expression analyses in paraffin-embedded tissue speci- 
mens of benign prostatic hyperplasia (BPH, n « 20), pros- 
tate intraepithelial neoplasm (PIN, n = 20) and prostate 
cancer (Pea, n = 48). Furthermore, we evaluated the possi- 
ble correlation of PSCA expression level with Pea tumori- 
genesis, grade, stage and progression to androgen- 
independence. 

Materials and methods 
Tissue samples 

All of the clinical tissue specimens studied herein were 
obtained from 80 patients of 57-84 years old by prostate- 
ctomy, transurethral resection of prostate (TURP) or biop- 
sies. The patients were classified as 20 cases of BPH, 20 
cases of PIN, 40 cases of primary Pea, including 9 patients 



with recurrent Pea and a history of androgen ablation 
therapy (orchiectomy and/or hormonal therapy), who 
were referred to as androgen-indepeindent prostate can- 
cers. Eight specimens were harvested from these andro- 
gen-independent Pea patients prior to androgen ablation 
treatment. Each tissue sample was cut into two parts, one 
was fixed in 10% formalin for IHC and the other treated 
with 4% paraformaldehyde/0.1 M PBS PH 7.4 in 0.1% 
DEPC for 1 h for ISH analysis, and then embedded in par- 
affin. All paraffin blocks examined were then cut into 5 
um sections and mounted on the glass slides specific for 
IHC and ISH respectively in the usual fashion. H&E- 
stained section of each Pea was evaluated and assigned a 
Gleason score by the experienced urological pathologist at 
our institution based on the criteria of Gleason score (2]. 
The Gleason sums are summarized in Table 1. Clinical 
staging was performed according to lewett-whitmore- 
prout staging system, as shown in Table 2. In the category 
of PIN, we graded the specimens into two groups, i.e. low 
grade PIN (grade I - II) and high grade PIN (HGPIN, 
grade III) on the basis of literatures |3,4j. 

tmmunohlstochemical (IHC) analysis 

Briefly, tissue sections were deparafflnized, dehydrated, 
and subjected to microwaving in 10 mmol/L citrate 
buffer, PH 6.0 (Boshide, Wuhan, China) in a 900 W oven 
for 5 min to induce epitope retrieval. Slides were allowed 
to cool at room temperature for 30 min. A primary mouse 
antibody specific to human PSCA (Boshide, Wuhan, 
China) with a 1 : 1 00 dilution was applied to incubate with 
the slides at room temperature for 2 h. Labeling was 
detected by sequentially adding biotinylated secondary 
antibodies and strep avidin-peroxidase, and localized 
using 3,3 > -diaminobenzidine reaction. Sections were then 
counterstained with hematoxylin. Substitution of the pri- 
mary antibody with phosphate-buffered-saline (PBS) 
served as a negauve-staining control. 

mRNA in situ hybridization (ISH) 
Five-um -thick tissue sections were deparafflnized and 
dehydrated, then digested in pepsin solution (4 mg/ml in 
3% citric acid) for 20 min at 37.5'C, and further proc- 
essed for ISH. Digoxigenin-labeled sense and antisense 
human PSCA RNA probes (obtained from Boshide, 
Wuhan, China) were hybridized to the sections at 48 fl C 
overnight. The posthybridization wash with a high strin- 
gency was performed sequentially at 37 9 C in 2 * standard 
saline citrate (SSC) for 10 min, in 0.5 x SSC for 15 min 
and in 0.2 * SSC for 30 min. The slides were then incu- 
bated to biotinylated mouse anti-digoxigenin antibody at 
37.5°Cforl h followed by washing in 1 x PBS for 20 min 
at room temperature, and then to strep avidin-peroxidase 
at 37.5°C for 20 min followed by washing in 1 x PBS for 
15 min at room temperature. Subsequently, the slides 
were developed with diaminobenzidine and then coun- 
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Table I: Correlation of PSCA expression with Gleason score 



Intensity * frequency 



Gleason score 



0-6 (X) 



9<X> 



2-4 
5-7 
8-I0 



5(83) 
19(79) 
5(28) 



1(17) 
5(21) 
13(72) 



Table 2: Correlation of PSCA expression with clinical stage 



Intensity * frequency 



Tumor stage 



0-4 <%) 



SB 



27 (67.5) 
2(25) 



13(32.5) 
6(75) 



terstained with hematoxylin to localize the hybridization 
signals. Sections hybridized with the sense control probes 
routinely did not show any specific hybridization signal 
above background. All slides were hybridized with PBS to 
substitute for the probes as a negative control. 

Scoring methods 

To determine the correlation between the results of PSCA 
immune staining and mRNA in situ hybridization, the 
same scoring manners are taken in the present study for 
PSCA protein staining by IHC and PSCA mRNA staining 
by ISH. Each slide was read and scored by two independ- 
ently experienced urological pathologists using Olympus 
BX-41 light microscopes. The evaluation was done in a 
blinded fashion. For each section, five areas of similar 
grade were analyzed semiquantitatively for the fraction of 
cells staining. Fifty percent of specimens were randomly 
chosen and rescored to determine the degree of interob- 
server and intraobserver concordance. There was greater 
than 95% intra- and interobserver agreement. 

The intensity of PSCA expression evaluated microscopi- 
cally was graded on a scale of 0 to 3+ with 3 being the 
highest expression observed (0, no staining; 1+, mildly 
intense; 2+, moderately intense; 3+, severely intense). The 
staining density was quantified as the percentage of cells 
staining positive for PSCA with the primary antibody or 
hybridization probe, as follows: 0 = no staining; 1 = posi- 
tive staining in <25% of the sample; 2 - positive staining 
in 25%-50% of the sample; 3 = positive staining in >50% 



of the sample. Intensity score (0 to 3+) was multiplied by 
the density score (0-3) to give an overall score of 0-9 
[1,5]. In this way, we were able to differentiate specimens 
that may have had focal areas of increased staining from 
those that had diffuse areas of increased staining [6]. The 
overall score for each specimen was then categorically 
assigned to one of the following groups: 0 score, negative 
expression; 1-2 scores, weak expression; 3-6 scores, mod- 
erate expression; 9 score, strong expression. 

Statistical analysis 

Intensity and density of PSCA protein and mRNA expres- 
sion in BPH, PIN and Pea tissues were compared using the 
Chi-square and Student's £-test. Univariate associations 
between PSCA expression and Gleason score, clinical 
stage and progression to an dro gen-independence were 
calculated using Fisher's Exact Test. For all analyses, p < 
0.05 was considered statistically significant. 

Results 

PSCA expression in BPH 

In general, PSCA protein and mRNA were expressed 
weakly in individual samples of BPH. Some areas of 
prostate expressed weak levels (composite score 1-2), 
whereas other areas were completely negative (composite 
score 0). Four cases (20%) of BPH had moderate expres- 
sion of PSCA protein and mRNA (composite score 4-6) 
by IHC and ISH. In 2/20 (10%) BPH specimens, PSCA 
mRNA expression was moderate (composite score 3-6), 
but PSCA protein expression was weak (composite score 
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2) in one and negative (composite score 0) in the other. 
PSCA expression was localized to the basal and secretory 
epithelial cells, and prostatic stroma was almost negative 
staining for PSCA protein and mRNA in all cases 
examined. 

PSCA expression In PIN 

In this study, we detected weak or negative expression of 
PSCA protein and mRNA (£2 scores) in 7 of 9 (77.8%) 
low grade PIN and in 2 of 11 (18.2%) HGPIN, and mod- 
erate expression (3-6 scores) in the rest 2 low grade PIN 
and 5 of 1 1 (45.5%) HGPIN. One HGPIN with moderate 
PSCA mRNA expression (6 score) was found weak stain- 
ing for PSCA protein (2 score) by IHC. Strong PSCA pro- 
tein and mRNA expression (9 score) were detected in the 
remaining 3 of 1 1 (27.3%) HGPIN. There was a statisti- 
cally significant difference of PSCA protein and mRNA 
expression levels observed between HGPIN and BPH (p < 
0.05), but no statistical difference reached between low 
grade PIN and BPH (p > 0.05). 

PSCA expression In Pea 

In order to determine if PSCA protein and mRNA can be ' 
detected in prostate cancers and if PSCA expression levels 
are increased in malignant compared with benign glands, 
Forty-eight paraffin-embedded Pea specimens were ana- 
lysed by IHC and ISH. It was shown that 19 of 48 (39.6%) 
Pea samples stained very strongly for PSCA protein and 
mRNA with a score of 9 and another 21 (43.8%) speci- 
mens displayed moderate staining with scores of 4-6 (Fig- 
ure 1). In addition, 4 specimens with moderate to strong 
PSCA mRNA expression (scores of 4-9) had weak protein 
staining (a score of 2) by IHC analyses. Overall, Pea , 
expressed a significantly higher level of PSCA protein and 
mRNA than any other specimen category in this study (p 
< 0.05, compared with BPH and PIN respectively). The 
result demonstrates that PSCA protein and mRNA are 
overexpressed by a majority of human Pea. 

Correlation of PSCA expression with Gleason score in Pea 

Using the semi-quantitative scoring method as described 
in Materials and Methods, we compared the expression 
level of PSCA protein and mRNA with Gleason grade of 
Pea, as shown in Table 1. Prostate adenocarcinomas were ' 
graded by Gleason score as 2-4 scores » well-differentia- 
tion, 5-7 scores - moderate-differentiation and 8-10 
scores =» poor-differentiation [7|. Seventy-two percent of 
Gleason scores 8-10 prostate cancers had very strong 
staining of PSCA compared to 21% with Gleason scores 
5-7 and 17% with 2-4 respectively, demonstrating that 
poorly differentiated Pea had significantly stronger 
expression of PSCA protein and mRNA than moderately 
and well differentiated tumors (p < 0.05). As depicted in 
Figure 1, IHC and ISH analyses showed that PSCA protein ' 
and mRNA expression in several cases of poorly differen- 



tiated Pea were particularly prominent with more intense 
and uniform staining. The results indicate that PSCA 
expression increases significantly with higher tumor grade 
in human Pea. 

Correlation of PSCA expression with clinical stage In Pea 
With regards to PSCA expression in every stage of Pea, we 
showed the results in Table 2. Seventy-five percent of 
locally advanced and node positive cancers (i.e. C-D 
stages) expressed statistically high levels of PSCA versus 
32.5% that were organ confined (i.e. A-B stages) (p < 
0,05). The data demonstrate that PSCA expression 
increases significantly with advanced tumor stage in 
human Pea. 

Correlation of PSCA expression with androgen- 
independent progression of Pea 

All 9 specimens of androgen-independent prostate can- 
cers stained positive for PSCA protein and mRNA. Eight 
specimens were obtained from patients managed prior to 
androgen ablation therapy. Seven of eight (87.5%) of 
these androgen-independent prostate cancers were in the 
strongest staining category (score = 9), compared with 
three out of eight (37.5%) of patients with androgen- 
dependent cancers (p < 0.05). The results demonstrate 
that PSCA expression increases significantly with progres- 
sion to androgen-independence of human Pea. 

It is evident from the results above that within a majority 
of human prostate cancers the level of PSCA protein and 
mRNA expression correlates significantly with increasing 
grade, worsening stage and progression to androgen-inde- 
pendence. 

Correlation of PSCA Immunostainlng and mRNA in situ 
hybridization 

In all 88 specimens surveyed herein, we compared the 
results of PSCA IHC staining with mRNA ISH analysis. 
Positive staining areas and its intensity and density scores 
evaluated by IHC were identical to those seen by ISH in 79 
of 88 (89.8%) specimens (18/20 BPH, 19/20 PIN and 42/ 
48 Pea respectively). Importantly, 27/27 samples with 
PSCA mRNA composite scores of 0-2, 32/36 samples 
with scores of 3-6 and 22/24 samples with a score of 9 
also had PSCA protein expression scores of 0-2, 3-6 and 
9 respectively. However, in 5 samples with PSCA mRNA 
overall scores of 3-6 and in 2 with scores of 9 there were 
less or negative PSCA protein expression (i.e. scores of 0- 
4), suggesting that this may reflect posttranscriptional 
modification of PSCA or that the epitopes recognized by 
PSCA mAb may be obscured in some cancers. The data 
demonstrate that the results of PSCA immunostaining 
were consistent with those of mRNA ISH analysis, show- 
ing a high degree of correlation between PSCA protein 
and mRNA expression. 
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Figure I 

Representatives of PSCA IHC and ISH staining in Pea (A. IHC staining, B. ISH staining, *200 magnification). A,, B t : negative con- 
trol of IHC and ISH. PBS replacing the primary antibody (A,) and hybridization with a sense PSCA probe (B,) showed no back- 
ground staining. A 2 . B^: a moderately differentiated Pea (Gleason score = 3+3 = 6) with moderate staining (composite score = 
6) in all malignant cells; A 2 ; IHC shows not only cell surface but also apparent cytoplasmic staining of PSCA protein. A 3 , B 3 : a 
poorly differentiated Pea (Gleason score = 4+4 = 8) with very strong staining (composite score = 9) in all malignant cells. 
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Discussion 

PSCA is homologous to a group of cell surface proteins 
that mark the earliest phase of hematopoietic develop- 
ment. PSCA mRNA expression is prostate-specific in nor- 
mal male tissues and is highly up-regulated in both 
androgen-dependent and-independent Pea xenografts 
(LAPC-4 tumors). We hypothesize that PSCA may play a 
role in Pea tumorigenesis and progression, and may serve 
as a target for Pea diagnosis and treatment. In this study, 
IHC and ISH showed that in general there were weak or 
absent PSCA protein and mRNA expression in BPH and 
low grade PIN tissues. However, PSCA protein and mRNA 
are widely expressed in HGPIN, the putative precursor of 
invasive Pea, suggesting that up-regulation of PSCA is an 
early event in prostate carcinogenesis. Recently, Reiter RE 
etal [1], using ISH analysis, reported that 97 of 118 (82%) 
HGPIN specimens stained strongly positive for PSCA 
mRNA. A very similar finding was seen on mouse PSCA 
(mPSCA) expression in mouse HGPIN tissues by Tran C. 
P et al [8]. These data suggest that PSCA may be a new 
marker associated with transformation of prostate cells 
and tumorigenesis. 

We observed that PSCA protein and mRNA are highly 
expressed in a large percentage of human prostate cancers, 
including advanced, poorly differentiated, androgen- 
independent and metastatic cases. Fluorescence-activated 
cell sorting and confocal/ immu no fluorescent studies 
demonstrated celt surface expression of PSCA protein in 
Pea cells [9). Our IHC expression analysis of PSCA shows 
not only cell surface but also apparent cytoplasmic stain- 
ing of PSCA protein in Pea specimens (Figure 1). One pos- 
sible explanation for this is that anti-PSCA antibody can 
recognize PSCA peptide precursors that reside in the cyto- 
plasm. Also, it is possible that the positive staining that 
appears in the cytoplasm is actually from die overlying 
cell membrane [5]. These data seem to indicate that PSCA 
is a novel cell surface marker for human Pea. 

Our results show that elevated level of PSCA expression 
correlates with high grade (i.e. poor differentiation), 
increased tumor stage and progression to androgen-inde- 
pendence of Pea. These findings support the original IHC 
analyses by Gu 2 et al (9), who reported that PSCA protein ' 
expressed in 94% of primary Pea and the intensity of 
PSCA protein expression increased with tumor grade, 
stage and progression to androgen-independence. Our 
results also collaborate the recent work of Han KR et al 
1 10], in which the significant association between high 
PSCA expression and adverse prognostic features such as 
high Gleason score, seminal vesicle invasion and capsular 
involvement in Pea was found. It is suggested that PSCA 
overexpression may be an adverse predictor for recur- 
rence, clinical progression or survival of Pea. Hara H et al , 
[11] used RT-PCR detection of PSA, PSMA and PSCA in 1 



ml of peripheral blood to evaluate Pea patients with poor 
prognosis. The results showed that among 58 PCa 
patients, each PCR indicated the prognostic value in the 
hierarchy of PSCA>PSA>PSMA RT-PCR, and extraprostatic 
cases with positive PSCA PCR indicated lower disease-pro- 
gression-free survival than those with negative PSCA PCR, 
demonstrating that PSCA can be used as a prognostic fac- 
tor. Dubey P et al (12) reported that elevated numbers of 
PSCA + cells correlate positively with the onset and devel- 
opment of prostate carcinoma over a long time span in 
the prostates of the TRAMP and PTEN +/- models com- 
pared with its normal prostates. Taken together with our 
present findings, in which PSCA is overexpressed from 
HGPIN to almost frank carcinoma, it is reasonable and 
possible to use increased PSCA expression level or 
increased numbers of PSCA-positive cells in the prostate 
samples as a prognostic marker to predict the potential 
onset of this cancer. These data raise the possibility that 
PSCA may have diagnostic utility or clinical prognostic 
value in human Pea. 

The cause of PSCA overexpression in Pea is not known. 
One possible mechanism is that it may result from PSCA 
gene amplification. In humans, PSCA is located on chro- 
mosome 8q24.2 (1], which is often amplified in meta- 
static and recurrent Pea and considered to indicate a poor 
prognosis [13-15]. Interestingly, PSCA is in close proxim- 
ity to the c-myc oncogene, which is amplified in >20% of 
recurrent and metastatic prostate cancers [16,17]. Reiter 
RE et at [18| reported that PSCA and MYC gene copy num- 
bers were co-amplified in 25% of tumors (five out of 
twenty), demonstrating that PSCA overexpression is asso- 
ciated with PSCA and MYC coamplification in Pea. Gu Z 
et al [9] recently reporteted that in 102 specimens availa- 
ble to compare the results of PSCA immunostaining with 
their previous mRNA ISH analysis, 92 (90.2%) had iden- 
tically positive areas of PSCA protein and mRNA expres- 
sion. Taken together with our findings, in which we 
detected moderate to strong expression of PSCA protein 
and mRNA in 34 of 40 (85%) Pea specimens examined 
simultaneously by IHC and ISH analyses, it is demon- 
strated that PSCA protein and mRNA overexpressed in 
human Pea, and that the increased protein level of PSCA 
was resulted from the upregulated transcription of its 
mRNA. 

At present, the regulation mechanisms of human PSCA 
expression and its biological function are yet to be eluci- 
dated. PSCA expression may be regulated by multiple fac- 
tors [18]. WatabeTet al [19] reported that transcriptional 
control is a major component regulating PSCA expression 
levels. In addition, induction of PSCA expression may be 
regulated or mediated through cell-cell contact and pro- 
tein kinase C (PKC) [20]. Homologues of PSCA have 
diverse activities, and have themselves been involved in 
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carcinogenesis. Signalling through SCA-2 has been dem- 
onstrated to prevent apoptosis in immature thymocytes 
[21]. Thy-1 is involved in T cell activation and transducts 
signals through src-like tyrosine kinases [22]. Ly-6 genes 
have been implicated both in tumorigenesis and in cell- 
cell adhesion [23-25]. Cell-cell or cell-matrix interaction is 
critical for local tumor growth and spread to distal sites. 
From its restricted expression in basal cells of normal 
prostate and its homology to SCA-2, PSCA may play a role 
in stem/progenitor cell function, such as self-renewal (i.e. 
anti-apoptosis) and/or proliferation [1]. Taken together 
with the results in the present study, we speculate that 
PSCA may play a role in tumorigenesis and clinical pro- 
gression of Pea through affecting cell transformation and 
proliferation. From our results, it is also suggested that 
PSCA as a new cell surface antigen may have a number of 
potential uses in the diagnosis, therapy and clinical prog- 
nosis of human Pea. PSCA overexpression in prostate 
biopsies could be used to identify patients at high risk to 
develop recurrent or metastatic disease, and to discrimi- 
nate cancers from normal glands in prostatectomy sam- 
ples. Similarly, the detection of PSCA-overexpressing cells 
in bone marrow or peripheral blood may identify and pre- r 
diet metastatic progression better than current assays, 
which identify only PSA-positive or PSMA-positive pros- 
tate cells. 

In summary, we have shown in this study that PSCA pro- 
tein and mRNA are maintained in expression from 
HGPIN through all stages of Pea in a majority of cases, 
which may be associated with prostate carcinogenesis and 
correlate positively with high tumor grade (poor cell dif- 
ferentiation), advanced stage and androgen-independent 
progression. PSCA protein overexpression is due to the r ' 
upregulation of its mRNA transcription. The results sug- 
gest mat PSCA may be a promising molecular marker for 
the clinical prognosis of human Pea and a valuable target 
for diagnosis and therapy of this tumor. 
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Abstract 

Translation Initiation is regulated bi response to 
nutrient availability and mttogenle stimulation and Is 
coupled with cell cycle progression and ceO growth* 
Several alterations In translations! control occur In 
cancer. Variant mRNA sequences can after the 
transtationai efficiency of Individual mRNA molecules, 
which In turn play a role In cancer biology. Changes In 
the expression or avaOabUity of components of the 
translations! machinery and In the activation of 
translation through signal transduction pathways can 
lead to more global changes, such as an Increase in 
the overall rate of protein synthesis and translations! 
activation of the mRNA molecules Involved in cell 
growth and proliferation. We review the basic 
principles of translations! control, the alterations 
encountered In cancer, and selected therapies 
targeting translation Initiation to help elucidate new 
therapeutic avenues. 

Introduction 

The fundamental principle of molecular therapeutics In can- 
cer Is to exploit the differences In gene expression between 
cancer cells and normal cells. With the advent of cDNA array 
technology, most efforts have concentrated on Identifying 
differences In gene expression at the level of mRNA, which 
can be attributable either to DNA amplification or to differ- 
ences In transcription. Gene expression is quite complicated, 
however, and Is also regulated at the level of mRNA stability, 
mRNA translation, and protein stability. • 

The power of translatfonal regulation has been best recog- 
nized among developmental biologists, because transcription 
does not occur In early embryogenesls In eukaryotes. For ex- 
ample. In Xenopus, the period of transcriptional quiescence 
continues until the embryo reaches midblastula transition, the 
4000-ceil staga Therefore, all necessary mRNA molecules are 
transcribed during oogenesis and stockpiled In a translations!^ 
inactive, masked form. The mRNA are translationafly activated 
at appropriate times during oocyte maturation, fertilization, and 



early embryogenesls and thus, are under strict transnational 
control. 

Translation has an established role In cell growth. Basi- 
cally, an Increase In protein synthesis occurs as a conse- 
quence of mftogenesls. Until recently, however, little was 
known about the alterations In mRNA translation In cancer, 
and much is yet to be discovered about their role In tho 
development and progression of cancer. Here we review the 
basic principles of translations! control, the alterations en- 
countered In cancer, and selected therapies targeting transla- 
tion Initiation to elucidate potential new therapeutic avenues. 

Basic Principles of Translations! Control 

Mechanism of Translation Initiation 

Translation Initiation is the main step In translator*! regulation. 

Translation Initiation is a cornplex process In whJtf 

tRMarKitrtt40Sand60Sriboso 

the 5 # end of a mRNA molecule and assembled by eukaiyotic 

translation Initiation factors Into an 80S rfbosorne at the start 

codcnoftr»rnRNA(i^g.lXTte 

capped, la, contains the cap structure m 7 GpppN (THn^Tft^ 
guanosine-triphospho^Mtto Most translation In 

eukaryotes occurs In a cap-deperKlent fashion, Aa, the cap Is 
specfficalry recognised by the eIF4H* which b&xfe the 5' cap. 
The elF4F translation Initiation complex Is then formed by the 
assembly of elF4E, the RNA heOcase'elRA, and eJF4G, a 
scaffolding protein that mediates the binding of the 40S rfbo- 
somai subuntt to the mRNA molecule through interaction with 
the elF3 protein present on the 40S ribosoma eIF4A and elF4B 
partidpateinmettjrigtheseco 

the mRNA The 43S Initiation complex (40S/elF2/Met-tRNA/ 
OTP complex) scans the mRNA in a 6'-»3' direction until it 
encounters an AUG start codon. This start codon Is then base- 
paired to the anticodon of initiator tRNA, forming the 48S initi- 
ation complex The Initiation factors are then displaced from the 
48$ complex, and the 60S ribosome Joins to form the 80S 
ribosoma 

Unlike most eukaryotfo translation, translation Initiation of 
certain mRNAs, such as the plcomavlrus RNA, is cap inde- 
pendent and occurs by internal ribosome entry. This mecha- 
nism does not require e!F4E Bther the 43S complex can bind 
the initiation codon cflnectiy through Interaction with the IRES in 
the 5' UTR such as In the encephaJonriyocartiitis vfrus, or It can 
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Binding of CIF4F complex Co 
mRNA 5' cap 




Unwinding of secondary strocture 
and foiroation of48S 




1- Translation Wttatto^ 

p JS2 l ? t Sf J 10 retease 9{FAE 50 ft ^ lnterart the 5' cap, and the 
elF4F Inflation complex b assembled. The Interaction of poly(A) binding 
protein wfth the Initiation complex and drcubrfzatton of the mRNA Is not 
depicted In the <Sagram, The secondary structure of the 5' UTR is melted, 
the 40S ribosomal subuntt Is bound W elF3, and the ternary complex 
consisting of eJF2, GTP, and the Met-tRNA ana recruited to the mRNA. The 
rfcosome scans the mRNA in a o^rectkxiurrtfl an AUG start codon 
Is found in the appropriate sequence context The initiation factors are 
released, and the targe ribosomal subunit is recruited. 



initially attach to the IRES and then reach the initiation codon by 
scanning or transfer, as Is the case wfth the poliov&us (1). 

Regulation of Translation Initiation 
Translation Initiation Can be regulated by alterations in the 
expression or phosphorylation status of the various factors 
involved. Key components In translations! regulation that 
may provide potential therapeutic targets follow. 

elF4E elF4E plays a central role in translation regulation. 
It Is the least abundant of the initiation factors and is con- ' 
sldered the rate-llmrting component for initiation of cap- 
dependent translation. elF4E may also be Involved In mRNA 
splicing, mRNA 3' processing, and mRNA nucfeocytopias- 
mlc transport (2). eIRE expression can be Increased at the 
transcriptional level In response to serum or growth factors 
(3). elF4E overexpresslon may cause preferential translation 
of mRNAs containing excessive secondary structure In their 
5' UTR that are normally discriminated against by the trans- 



latlonal machinery and thus are inefficiently translated (4-7).. 
As examples of this, overexpresslon of elF4E promotes la- 
creased translation of vascular endothelial growth factor, 
fibroblast growth factor-2, and cyctin Dl (2, 8, 9). 

Another mechanism of control is the regulation of e!F4E 
phosphorylation. elF4E phosphorylation Is mediated by the 
mttogen-activated protein kfnase-lnteracting kinase 1, which 
Is activated by the mftogen-actfvated pathway activating 
extracellular signal-related kinases and the stress-activated 
pathway acting through p38 mftogen-activated protein ki- 
nase (10-13). Several mitogens, such as serum, platelet- 
derived growth factor, epidermal growth factor, Insulin, 
angiotensin II, src kinase overexpresslon, and ras over- 
expression, lead to elF4E phosphorylation (14). The phos- 
phorylation status of elF4E Is usually correlated with the 
transiatlonal rata and growth status of the celt however; 
ef F4E phosphorylation has also been observed In response 
to some cellular stresses when translations] rates actually 
decrease (15). Thus, further study Is needed to understand 
the effects of elF4E phosphorylation on e!F4E activity. 

Another mechanism of regulation Is the alteration of e)F4E 
availability by the binding of e!F4E to the elF4&bIndlng pro- 
teins (4E-BP, also known as PHAS-I). 4E-BPs compete wfth 
eIF4G for a binding site In eIRE. The binding of e!F4E to tho 
best characterized elF4E^>Ind!ng protein, 4E-BP1, Is regu- 
lated by 4E-BP1 phosphorylation. Hypophosprwylated 4E- 
BP1 binds to elF4^ whereas 4E-BP1 hyperphosphorylatlon - 
decreases this binding. Insulin, angiotensin, epidermal 
growth factor, platelet-derived growth factor, hepatocyte 
growth factor, nerve growth factor, Insulin-like growth factors 
I and II, Interteukin 3, ^aiiulocyte-macrophage colony-stirrv- • 
ulating factor + steel factor, gastrin, and the adenovirus have 
all been reported to Induce phosphorylation of 4E-BP1 and 
to decrease the ability of 4E-BP1 to bind elF4E (15, 16). 
Conversely, deprivation of nutrients or growth factors results 
In 4E-BP1 dephosphorylatlon, an increase In elF4E binding, 
and a decrease in cap-dependent translatioa 

p70 S6 Kinase. Phosphorylation of ribosomal 40S protein 
S6 by S6K ts thought to play an Important rote In translarJonai 
regulation. S6K mouse embryonic cells proliferate more 
slowly than do parental cells, demonstrating that S6K has a 
positive Influence on cell proliferation (17). S6K regulates the 
translation of a group of mRNAs possessing a 5' terminal 
ollgopyrimJdlne tract (5' TOr^foundattheS'lJmofrftxjscHnei 
protein mRNAs and other mRNAs coding for corrponents of 
the transiatlonal machinery. Phosphon/^on of S6K to regu- 
lated In part based on the availability of nutrients (18, 19) and fe 
stimulated by seversJ growth factors, such as pterteta-dertved 
growth factor and Insulln-Oke growth factor I £0). 

elF2* Phosphorylation. Trie binding of the Initiator tRNA 
to the small ribosomal unit Is mediated by translation initia- 
tion factor e!F2. Phosphorylation of the a-subunK of eIF2 
prevents formation of the elF2/QTP/Met-tRNA complex and 
Inhibits global protein synthesis (21, 22). eff=2a Is phospho- 
rylated under a variety of conditions, such as viral Infection, 
nutrient deprivation, heme deprivation, and apoptosts (22). 
elF2a Is phosphorylated by heme-regulated Inhibitor, nutrient- 
regulated protein kinase, and the IFN-Jnduced, double- 
stranded RNA-activated protein kinase (PKR; Ret. 23). 



The mTOR Signaling Pathway. The macrollde antibiotic 
rapamycln {SiraPmus; Wyeth-Ayerst Research, Collegevflfe, 
PA) has been the subject of intensive study because it In- 
hibits signal transduction pathways Involved in T-coll activa- 
tion. The rapamydn-sensftive component of these pathways 
Is mTOR (also called FRAP or RAFT1). mTOR Is the mam- 
malian homologue of the yeast TOR proteins that regulate G n 
progression and translation In response to nutrient availabil- 
ity (24). mTOR Is a serine-threonine kinase that modulates 
translation Initiation by altering the phosphorylation status of 
4E-BP1 and S6K (Rg. 2; Ref. 25). 

4E-BP1 is phosphorylated on multiple residues. mTOR phos- 
phorylates the Thr-37 and ThrM6 residues of 4E-BP1 fri vftro 
(26); however, phosphorylation at those sites Is not associated 
with a loss of e!F4E binding. Phosphorylation of Tlv-37 and 
Thr-46 Is required for subsequent phosphorylation at several , 
COOH-temilnal, senjm-sensitive sites; a combination of these 
phosphorylation events appears to be needed to Inhibit the 
binding* 4EBP1 to eIF4E (26). Tlie product of the/l7Mgene, 
P38/MSK1 pathway, and protein kinase Co- also play a role In 
4E-BP1 phosphorylation {27-29). 

S6Kand4E-BP1 are also regulated, In part, by PldKandits 
downstream protein kinase Akt PTEN Is a phosphatase that 
negatively regulates PI3K signaling. PTEN nuD cells have 
constitutfvely active of Akt, with increased S6K activity and 
S8 phosphorylation (30). S6K activity is Inhibited both by 
PBK Inhibitors wortmannln and LY294002 and by mTOR ' 
inhibitor rapamycln (24). Akt phosphorylates Ser-2448 In 
mTOR In vAro, and this site Is phosphorylated upon Akt 
activation in vivo (31-33). Thus, mTOR is regulated by the 
PI3K/Akt pathway; however, this does riot appear to be the 
only mode of regulation of mTOR activity. Whether the PI3K 
pathway also regulates S6K and 4E-BP1 phosphorytation 
Independent of mTOR is controversial. 

Interestingly, mTOR autophosphoryfatlon is blocked bywort- 
marwin but not by rapamycln (34). TWs seeming Inconsistency 
suggests that mTOR-responslve regulation of 4E-BP1 and S6K ^ 
activity occurs through a mechanism other than Intrinsic mTOR " 
kinase activity. An alternate pathway for 4E-BP1 and S6K phos- 
phorylation by mTOR activity is by the Inhibition of a phospha- 
tase. Treatment with calyculln A, an Inhibitor of phosphatases 1 
and 2A, reduces rapamyclrHnduced dephosphorylation of 4E- 
BP1 and S6K by rapamycln (35). PP2A interacts with full-length 
S6K but not wfth a S6K mutant that Is resistant to dephospho- 
rylation resulting from rapamycln. mTOR phosphorylates PP2A 
in vitro; however, how this process alters PP2A activity is not 
known, These results are consistent with the model that phos- 
phorylation of a phosphatase by mTOR prevents dephospho- ' 
rylation of 4E-BP1 and S6K, and conversely, that nutrient dep- 
rivation and rapamycln block Inhibition of the phosphatase by 
mTOR 

Polyadenylation, The pofy(A) tall In eukaryotlc mRNA is 
Important In enhancing translation Initiation and mRNA sta- 
bility. Polyadenylation plays a key role In regulating gene 
expression during oogenesis and eariy embryogenesls. 
Some mRNA that are trans tattonally Inactive In the oocyte are 
polyadenylated concomitantly with transtational activation In 
oocyte maturation, whereas other mRNAs that are transla-,, 
tlonally active during oogenesis are deadenyfated and trans- 



Gttnvtii tutors 




Nntrfe*ti,ATP 



Translation of STOP mRNAs 



(mW^wlthhl^BtrortmedyUTRs) 

Fig. 2. Regulation of translation Initiation by signal transduction path- 
way* Signaling via pSS. extraceOutar slgnaKrelatsd kinase, PBK, and 
mTOR can aB activate translation initiation. 



latlonally silenced (36-38). Thus, control of poly(A) tan syn- 
thesis Is an important regulatory step In gene expression. 
The5'capaixJpoly(A)taflarethougJitto 
tlcally to regulate mRNA transtational efficiency (39, 40). 

RNA Packaging. Most RNA-blndlng proteins are assem- 
bled on a transcript at the time of transcription, thus deter- 
mining the transtational fate of the transcript (41). A Wghiy 
conserved family of Y-box proteins Is found In cytoplasmic 
messenger ribonucleoproteln particles, where the proteins 
are thought to play a role In restricting the recruitment of 
mRNA to the translations! machinery (41-43). The major 
mRNA-assoclated protein, YB-1 , destabilizes the Interaction 
of elF4E and the 5 ' mRNA cap In vitro, and ovorexpresslon of 
YB-1 results In translatlonal repression in vivo (44). Thus, 
alterations in RNA packaging can also play an Important role 
In translation^ regulation. 

Translation Alterations Encountered in Cancer 

Three main alterations at the translatlonal level occur In cancer 
variations In mRNA sequen ces that increase or decrease trans* 
teflonal efficiency, changes In the expression or availability of 
components of the translatlonal machinery, and activation of 
translation through aberrantly activated signal transduction 
pathways. The firsts 

vldual mRNA that may play a role In carcinogenesis. The sec- 
ond and third alterations can lead to more global changes, such 
as an Increase In the overaH rata of protein synthesis, and the 
translatlonal activation of several mRNA species. 

Variations in mRNA Sequence 
Variations In mRNA sequence affect the translatlonal efft* 
ciency of the transcript. A brief description of these variations 
and examples of each mechanism follow. 

Mutations. Mutations In the mRNA sequence, especially 
In the 5' UTR, can alter Its translatlonal efficiency, as seen In 
the following examples. 
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wnya Saito et a/, proposed that translation offuH-length 
o-myc Is repressed, whereas In several Burkitt lymphomas 
thai have deletions of the mRNA 5' UTR, translation ofc-myc 
Is more efficient (45), More recently, it was reported that the 
5' UTR of omyc contains an IRES, and thus c-myc transla- 
tion can be Initiated by a cap-Independent as well as a 
cap-dependent mechanism (46, 47). In patients with multiple 
myeloma, a C-+T mutation In the c-myc IRES was Identified 
(48) and found to cause an enhanced Initiation of translation 
via Internal rfbosomal entry (49). 

BRQA1. A somatic point mutation (117 G-*C) In position 
-3 with respect to the start codon of the BRCA1 gene was 
Identified In a highly aggressive sporadic breast cancer (60). 
Chfmertc construct consisting of the wllcHype or mutated 
BRGA1 5' UTR and a downstream luclferase reporter dem- 
onstrated a decrease in the translational efficiency with the 5' 
UTR mutation. 

CycSiMieprndent Kinase Inhibitor 2A. Some inherited 
melanoma kindreds have a G->T transverslon at base -34 
of cycfirvdependent kinase inhibitor-2A, which encodes a 
cyclln-dependent kinase 4/cyclin-dependent kinase 6 kinase 
Inhibitor Important in G 1 checkpoint regulation (51). This 
mutation,. gives rise to a novel AUG translation Initiation' 
codon, creating an upstream open reading frame that com- 
petes for scanning ribosomes and decreases translation 
from the wild-type AUa 

Alternate Splicing and Alternate Transcription Start 
Sites. Alterations In splicing and alternate transcription sites 
can lead to variations in 5' UTR sequence, length, and second- 
ary structure, ultimately frnpactlng translational efficiency. 

ATM, The ATM gene has four noncoding axons in its 5' 
UTR that undergo extensive alternative splicing (52). The 
contents of 12 different 5' UTRs that show considerable, 
diversity In length and sequence have been identified. These 
divergent 5' leader sequences play an Important role In the 
translational regulation of the ATM gene. 

mcfoL In a subset of tumors, overexpresslon of the onco- 
protein mdm2 results In enhanced translation of the mdm2 
mRNA. Use of different promoters leads to two mdm2 tran- 
scripts that differ only In their 5' leaders (53). The longer 5' 
UTR contains two upstream open reading frames, and this 
mRNA Is loaded with ribosomes inefficiently compared with 
the short 5' UTR. 

BRCA1. in a normal mammary gland, BRCA1 mRNA Is" 
expressed with a shorter leader sequence (5'UTRa), whereas 
In sporadic breast cancer tissue, BRCA1 mRNA is expressed 
with a longer leader sequence (5* UTRb); the translational 
efficiency of transcripts containing 5' UTRb is 10 times lower 
than that of transcripts containing 5' UTRa (54). 

TGF-pX TGF-fiS mRNA Includes a 1.1 -kb 5' UTR, which 
exerts an Inhibitory effect on translation. Many human breast 
cancer cell lines contain a novel TOF-03 transcript with a 5' 
UTR that Is 870 nucleotides shorter and has a 7-fbId greater 
translational efficiency than the normal TBF-p3 mRNA (55).. 

Alternate Polyadenylation Sites. Multiple polyadenyl- 
ation signals leading to the generation of several transcripts 
with differing 3' UTR have been described for several mRNA 
species, such as the RET proto-oncogene (56), A7M gene 
(52), tissue Inhibitor pf metaIloproteinases-3 (57), RHOA 



proto-oncogene (55), and calmoduIlrH (59). Although the* 
effect of these alternate 3' UTRs on translation Is not yet 
known, they may be Important In RNA-proteJn Interactions 
that affect translations! recruitment The role of these alter- 
ations In cancer development and progression Is unknown. 



Alterations In the Components of the 
Translation Machinery 

Alterations In the components of translation machinery can 
take many forms. 

Overexpressslon of elF4EL Overexpresslon of eJF4E 
causes malignant transformation In rodent cells (60) and tho 
deregulation of HeLa cell growth (61). Pokinovsky etaL (62) 
found that elF4E overexpresslon substitutes for serum and 
Individual growth factors In preserving viability of fibroblasts, 
which suggests that elF4E can mediate both proliferative and 
survival signaling. 

Elevated levels of eIF4E mRNA have been found in a broad 
spectrum of transformed cefl lines (63). e!F4E levels are 
elevated In all ductal carcinoma In situ specimens and inva- 
sive ductal carcinomas, compared with benign breast spec- 
imens evaluated with Western blot analysis (64, 65). Prelim- 
inary studies suggest that this overexpresslon is attributable 
to gene amplication (66). 

There are accumulating data sug 
pression can be valuable as a prognostic marker. elF4E over- 
expms^cnwasfouTxJinarBtrosp^ 
poor prognosis In stages I to 111 breast carcinoma (67), Verifica- 
tion of the prognostic value of eIF4E In breast cancer Is now 
under way In a prospective trial (87). However, (n a different 
study, elF4E expression was correlated with the aggressive 
behavior of non-HodgWn's lymphomas (68). in a prospective 
analysis of patients with head and nock cancer, elevated levels 
of e!F4E In histologically tumor-free surgical margins predicted 
a significantly increased risk of local-regional recurrence (9). 
These results aO suggest that eIF4E overexpresslon can be 
used to select patients who might benefit from more aggressive 
systemic therapy. Furthermore, the head and neck cancer data 
suggest that eiF4E overexpresslon Is a field defect and can be 
used to guide local therapy. 

Alterations In Other Initiation Factors. Alterations In a 
number of other initiation factors have been associated with 
cancer. Overproduction of elF4G, similar to elF4E, leads to 
malignant transformation In vitro (69). elF-2« Is found In 
Increased levels In bronchloloalveolar carcinomas of the lung 
(3). Initiation factor elF4A1 Is overexpressed in melanoma 
(70) and hepatocellular carcinoma (71). The p40 subunrt of 
translation initiation factor 3 Is amplified and overexpressed 
In breast and prostate cancer (72), and the elF3-p1 1 0 subunit 
Is overexpressed in testicular seminoma (73). The role that 
overexpresslon of these initiation factors plays on the devel- 
opment and progression of cancer, if any, Is not known. 

Overexpresslon of S6K. S6K la amplified and highly 
overexpressed In the MCF7 breast cancer cell line, com- 
pared with normal mammary epithelium (74). In a study by 
Bariund eta/. (74), S6K was amplified In 59 of 668 primary 
breast tumors, and a statistically significant association was 
observed between amplification and poor prognosis. 



Overaxpresslon of PAP. PAP catalyzes 3' poty(A) syn- 
thesis. PAP is.overexpressed in human cancer cells com- 
pared wtth normal and virally transformed cells (75). PAP 
enzymatic activity in breast tumors has been correlated with 
PAP protein levels (76) and, In mammary tumor cytosols, was 
found to be an Independent factor for predicting survival (76). 
little Is known, however, about how PAP expression or ao- 
tivity affects the translation^ profile. 

Alterations In RNA-bindlng Proteins. Even less is known 
about alterations In RNA packaging In cancer. Increased ex- 
pression and nuclear bcaBzation of the RNA-Wndng protein 
YB-1 are incficators of a poor prognosis for breast cancer f/7), 
rornanafl cefl lung cancer (78^ and ovarian caixx*(7q. How- 
ever, this effect may be mediated at least in part at the level of 
transcriptJon, because YB-1 tareaseacrtenraresistarra 
hancing the transcription of a muftklrug resistance gene (BO). 



Activation of Signal Transduction Pathways 
Activation of signal transduction pathways by loss of tumor 
suppressor genes oroverexpresslon of certain tyrosine kinases 
can contribute to the growth and aggressiveness cf tumors. An 
important , rnutant In human cancers Is the tumor suppressor 
gemPTOV,wHchteatetot^ 

way. Activation of Pt3K and Akt Induces the oncogenic trans- 
formation tf chicken embryo tooblasts. The trar^rmed^ 
show constitutive phosptorytatfonof S6Ka^ 
A mutant AW that retains kinase activity but does not phos- 
phoryterte S6K or 4E-BP1 does not transform ffixoblasts, which 
suggests a correlation between the oncogenicity of PI3K and 
Akt arid the phosphorylation of S6K and 4E-BP1 (81). 

Several tyrosine kinases such as platelet-derived growth 
factor, Insulln-like growth factor, HER2/neu, and epidermal 
growth factor receptor are overexpressed In cancer. Be- 
cause these kinases activate downstream signal transduc- 
tion pathways known to alter translation initiation, activation 
of translation Is likely to contribute to the growth and aggres- 
siveness of these tumors. Furthermore, tire mRNA for many 
of these kinases themselves are under transitional control. 
For example, HER2/neu mRNA Is translattonally controlled 
both by a short upstream open reading frame that represses 
HER2/neu translation In a ceil type-Independent manner and 
by a distinct cell type-dependent mechanism that increases 
translations! efficiency (82). HER2/heu translation Is different 
in transformed and normal cells. Thus, It is possible that 
alterations at the translattonal level can in part account for 
the discrepancy between HEft2/neu gene amplification de- 
tected by fluorescence In situ hybridization and protein revet? 
detected by fmmunohlstochemlcal assays. 



Translation Targets of Selected Cancer Therapy 
Components of the translation machinery and signal path- 
ways Involved in the activation of translation initiation repre- 
sent good targets for cancer therapy. 

Targeting tho mTOR Signaling Pathway: Rapamycln 
and Tumstattn 

Rapamycln Inhibits the proliferation of lymphocytes. It was 
Initially developed as an immunosuppressive drug for orgafi 



transplantation. Rapamycln with FKBP 12 (FK5064>lndlrtg 
protein, M r 12,000) binds to mTOR to Inhibit Its function. 

Rapamycln causes a small but significant reduction In the 
Initiation rate of protein synthesis (83). it blocks cell growth In 
part by blocking 88 phosphorylation and selectively sup- 
pressing the translation <rf5' TOP mRNAs.suchasribosorneU 
proteins, and elongation factors (83-85). Rapamycln also 
blocks 4E-BP1 pbosprrcryiatfon and Inhibits cap-dependent 
but not cap-Independent translation (1 7, 88). 

The rapamydn-sensmve signal transduction pathway, acti- 
vated durfrKjmaflgr^tran^^ 

Is now being studied as a target for cancer therapy (37). Pros- 
tate, breast, smaflceD lung, g^ 

leukemia are among the cancer fines most sensitive to the 
rapamycln analogue CO-779 (Wyeth-Ayerst Research; ReF. 
87).fnrhaixicm^cosarcornacea 

static or cytocldal, depending on the p53 status of the cefl; p53 
wild-type ceSs treated with rapamycln arrest In the prase 
and maintain their^ 

late In Q, and undergo apoptoste (88, 89). to a recently reported 
study using human primitive neuroectodermal tumor and 
medullobtastoma models, rapamycln exhibited more cytotox- 
icity In cornbination with cfepiarin and camptothecin than as a 
single agent tn vfvo, CO-779 delayed growth of xenografts by 
160% after! week of therapy and240% after 2 weeks. A single 
high-dose administration caused a 37% decrease h tumor 
vdurne. Growth Inhfcfflon tn vfvo wa3 13 times greater, with 
clspiaiin rn combination with CO-779 than with dsplatin atone 

(90) . Thus, preclinical studies suggest that rapamycln ana- 
logues are useful as single agents and fan combination with 
chemotherapy, 

Rapamycln analogues CCI-779 and RAD001 (Novartis, 
Basel, Switzerland) are now In clinical trials. Because of the 
known effect of rapamycln on lymphocyte proliferation, a 
potential problem wtth rapamycln analogues Is Immunosup- 
pression. However, although prolonged Immunosuppression 
can result from rapamycln and CO-779 administered on 
continuous-dose schedules, the Immunosuppressive effects 
of rapamycln analogues resolve tn ~24 h after therapy 

(91) . The principal toxicities of CO-779 have included der- 
matologies] toxicity, myetosuppression, infection, mucositis, 
diarrhea, reversible elevations In liver function tests, hyper- 
glycemia, hypokalemia, hypocalcemia, and depression (87, 
92-94). Phase II trials of CCI-779 have been conducted In 
advanced renal cell carcinoma and In stage fll/IV breast 
carcinoma patients who felled with prior chemotherapy. In 
the results reported in abstract form, although there were no 
complete responses, partial responses were documented In 
both renal cell carcinoma and in breast carcinoma (94, 95). 
Thus, CO-779 has documented preliminary clinical activity In 
a previously treated, unselected patient population. 

Active Investigation Is underway Into patient selection for 
mTOR Inhibitors. Several studies have found an enhanced 
efficacy of CO-779 In PTEN-null tumors (30, 96). Another 
study found that six of eight breast cancer eel) lines were 
responsive to CO-779, although only two of these lines 
lacked PTEN (97) There was, however, a positive correlation 
between Akt activation and CCI-779 sensitivity (97). This 
correlation suggests that activation of the P»3K-Akt pathway, 
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regardless of whether ft Is attributable to a PTEN mutation or 
to overexpression of receptor tyrosine kinases, makes can- 
cer cell amenable to mTOR-directed therapy, fn contrast, 
lower levels of the target of mTOR, 4E-BP1, are associated 
with rapamydn resistance; thus, a lower 4E-BP1/e1F4E ratio 
may predict rapamydn resistance (98). 

Another mode of activity for rapamydn and Its analogues 
appeara to be through Inhibition of angiogenesls. TWs activ- 
ity may be both through direct Inhibition of endothelial cell 
proliferation as a result of mTOR Inhibition In these cells or by 
Inhibition of translation of such proanglogenlc factors as 
vascular endothelial growth factor In tumor cells (99, 100). 

The angiogenesls Inhibitor tumstatln, another anticancer 
drug currently under study, was also found recently to Inhibit 
translation In endothelial cells (101). Through a requisite In- 
teraction with Integrfn, tumstatln Inhibits activation of the 
PJ3WAkt pathway and mTOR In endothelial cells and pre- 
vents dissociation of elF4E from 4E-BP1, thereby inhibiting 
cap-dependent translation. These findings suggest that en- 
dothelial cells are especially sensitive to therapies targeting 
the mTOR-signallng pathway. 



TargeUrig e!F2cc EPA, Clotrimazole, mda-7, 
and Ravonokte 

EPA Is an n-3 polyunsaturated fatty acid found in the fish- 
based diets of populations having a low Incidence of cancer 
(102). EPA Inhibits the proliferation of cancer cells (103), as 
well as In animal models (104, 105), It blocks cell division by 
inhibiting translation initiation (105). EPA releases Ca 2 * from 
Intracellular Stores while Inhibiting their refining, thereby ac- 
tivating PKFL PKR in turn phosphorates and inhibits elF2o, 
resulting In the inhibition of protein synthesis at the level of 
translation Initiation. Similarly, clotrimazole, a potent antiprcK 
IrferaHve agent In vitro and fn vivo, Inhibits cell growth through 
depletion of Ca 2 + stores, activation of PKR, and phospho- 
rylation of elF2a (1 06). Consequently, clotrimazole preferen- 
tially decreases the expression of cycllns A, E, and D1, 
resulting In blockage of the oefl cyde In Q v 

mcto-7 is a novel tumor suppressor gene being developed 
as a gene therapy agent Adenoviral transfer of mda-7 (Ad- 
mda7) Induces apoptosls In many cancer cells Including 
breast, colorectal, and lung cancer (1 07-1 09). Ad-mda7 also 
Induces and activates PKR, which leads to phosphorylation, 
of e(F2a and Induction of apoptosls (1 1 0). 

Flavonokis such as gsnlstein and quercetln suppress tu- 
mor ceR growth. All three mammalian elF2a kinases, PKR, 
heme-regUated inhibitor, and PERK/PEK, are activated by 
flavonokis, with phosphorylation of elF2o? and inhibition of 
protein synthesis (111). 

Targeting elF4A and elF4E: Antlsense UNA 
and Peptides 

Antlsense expression of elF4A decreases the proliferation rate* 
of meJaroma cells (1 1 2). Sequestration of elF4E by overexpres- 
slon of 4E-BP1 is proapoptotic and decreases tumorigenldty 
(113, 114). Reduction of elF4£ with antlsense RNA decreases 
soft agar growth, Increases tumor latency, and Increases the 
rates of tumor doubling times (7). Antlsense eiF4E RNA treat- 



merit also reduces the express 
and has been proposed aaapotentialac(liJ^ therapy for he^ 
and neck cancers, particularly when elevated eIRE is found In 
surgical margins. Small molecule WtfWtethatt^tiie^F4Q/ 
4E-BP1 -binding domain of elF4E are proapoptotic (116) and 
are also being actively pursued. 



Exploiting Selective Translation for Gene Therapy 
A different therapeutic approach that takes advantage of the 
enhanced cap-dependent translation in cancerous Is the use 
Of gene therapy vectors encoding suicide genes with highly 
structured 5' um These mRNA would thus be at a competitive 
disadvantage In normal cells and retranslate weft whereas In 
cancer cells, they would translate more efficiently. For example, 
the Wroductton of the 5' UlRof fbiol^ growth factor^ 5 r to 
the coding sequence herpes sirnptetfnjstype-1 tiiymk£n& 
kinase gene, allows for selective tnansiatic^ of he^es s^p/ox: 
virus type-1 thymidine kinase gene In breast cancer ceil Hnes 
compared with normal mammary cefl fines and results In se- 
lective sensitivity to ganciclovir (1 1 7). 



Toward the Future 

Translation Is a crucial process In every ceil. However, several 
alterations In translaifonal control occur to cancer. Cancer ceOs 
appear to need an aberrantly activated translational state for 
survival, thus allowing the tan^^ of translatton initiation 
surprisingly low toxicity. Components of the translational ma- 
chinery, such as e)F4E, and signal transduction pathways irv 
volved In trroslation initial 
targets for cancer therap^^^ 

shown sane preliminary activity in clinical trials. It is possible 
that with the development of better predictive markers and 
better patient selection, response rates to slngle^agent therapy 
can be improved Similar to other cytostatic agents, however. 
mTOR inhibitors are most Beery to achieve cOnlcai utifty in 
combination therapy. In the interim, our increasing understand- 
ing of translation initiation and signal transduction pathways 
promise to lead to the identification of new therapeutic targets 
In the near future. 
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